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A long-held practice is to mix agricultural soil with a soil amendment to improve
growing conditions in crops. A common soil amendment is biosolids produced from both
municipal and dairy wastewater due to the macro- and micronutrients within it. Both the
agricultural and wastewater industries are participating in the Circular Economy concept (CEC).
Two experiments explored using expended bioelectrochemical systems (BES) that treated either
synthetic dairy wastewater (DWW) or synthetic municipal wastewater (SWW) as soil
amendments to improve corn plant growth when treated with three different nutrient treatments:
100%- 50%- and 0% Hoagland Nutrient Solutions. Biochar and used terracotta clay were used as
soil amendments too. Additionally, the DWW and SWW soil amendments are being invested to
see if soil moisture can be retained during simulated drought conditions. The experiments took
place in the late fall and winter of 2021 and summer of 2022 in Starkville, Mississippi.
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CHAPTER I
INTRODUCTION
64.63% of the global corn production in 2020 was grown in four countries: Brazil,
Argentina, China, and the United States. Unlike the other three countries, China’s corn
production is not exported, and they import a large amount of the corn production from other
countries. The largest exporting countries of corn are Ukraine, Brazil, Argentina, and the United
States. Besides the five previously listed countries, corn can be grown in 165 other countries.
Due to the vast amount of land that corn can be grown in, corn has become one of the world’s
most important agriculture crops (Jaimei Wang, 2021).
The two largest corn consuming countries are China and the United States. Every year
since 2016, China has been increasing their corn stock for consumption. In 2020, China
consumed approximately 279 million tons of corn. That was 2 million more tons than they
consumed in 2019. China has begun to increase their import in corn due to a decline in corn
production across the world. They imported 11.3 million tons of corn, which was an increase of
137.75%, during 2020. The United States and Ukraine were the main suppliers of their corn
imports, making up 94.20% of the total imports into China (Jaimei Wang, 2021). The reason for
China’s rapid increase in corn consumption can be linked to the rapid development in animal
husbandry. 2016 was the first year that consumption exceeded production in China and resulted
in a large import of corn. China is exporting far less corn than they are importing according to
the UN Comtrade. In 2018, corn import increased by 24.38% (3.52 million tons) and the
1

following year. 2019 saw another increase of imported corn at 36.08% (4.79 million tons). China
is only exporting approximately 270,000 tons of corn yearly (Jaimei Wang, 2021).
China was not the only country to increase its All gasoline must contain at least 10%
ethanol to be sold in the United States production of corn. The United States had an approximate
3% increase in acres of corn planted from 2018 to 2019. The US had planted 91.7 million acres
of corn in 2019. According to the USDA (United States Department of Agriculture), the 91.7
million acres of corn fields All gasoline must contain at least 10% ethanol to be sold in the
United States were split equally into three different uses. 1/3 of the corn went to feed farm
animals, and 1/3 went to ethanol production, and the final 1/3 went to human consumption
through food and drinks (United States Department of Agriculture, 2021). Ethanol is considered
a biofuel. Biofuels are another form of alternative fuel that can be used as a replacement or a
substitute for fossil fuels. As previously mentioned, corn can be refined into ethanol. In the
United States, all gasoline must contain at least 10% ethanol to be sold. Since this ethanol rule
was instituted, the amount of ethanol produced in the US doubled from 2006 to 2012 at 6.5
billion gallons to 13.2 billion gallons (Xiaoguang Chen, 2018). The reason for the significant
increase in ethanol production can be attributed to the farmers removing their fields from the
Conservation Reserve Program (CRP). The land in the CRP decreased by 7.2% from 2007 to
2012. That was a loss of 7.2 million acres. The CRP was designed to retire farmland from
agriculture production for environmental protection. Agricultural land was placed in the CRP to
decrease the carbon deficit by capturing carbon in the soil and reducing the nitrate runoff to
improve water quality. With these fields coming out of CRP, there has been concern that the
efforts to combat the greenhouse gasses could be wasted since the carbon produced from farming

2

could offset the reduction of greenhouse gasses from the use of ethanol in gasoline (Jaimei
Wang, 2021).
Since the start of the environmental movement in the 1960s, the world has been looking
for ways to increase ways to improve the sustainability of products. During this time, a new
concept has been introduced called the circular economy concept (CEC). CEC is an economic
theory that aims to extend the life cycle of materials to bring a more sustainable and economic
prosperity by finding ways to repurpose, recover, reduce, and recycle the materials from
production and consumption processes. By finding different alternative uses for old or wasted
materials, landfills will be able increase their life cycle too. There are challenges associated with
repurposing and recycled the recovered material too. The two main challenges are (1) the costs
with recovering and recycling the old material could not be economically sustainable as using
virgin material, and (2) the recycled material can have a reduced marketability than virgin
material due to the quality/durability concerns from recycled products (Porterfield, 2021). A
trendy way that CEC is shown in the industry is by taking the biosolids recovered from the
wastewater treatment industry and selling it to famers as manure for their fields. The biosolids
that are recovered are filled with recovered nutrients. For the biosolids to be sold, they must first
be physically and chemically treated. The US EPA (Environmental Protection Agency) has two
classifications for biosolids, Class A and Class B. The difference between Class A and Class B is
that Class A must not have any living pathogens in the material, while class B can have certain
living pathogens. Class A biosolids can be land applied right away, while class B must have time
to for the pathogens to degrade before being applied. There was 4.75 million dry metric tons
(dmt) of biosolids produced from publicly owned treatment plants in 2019. 1.4 million dmt was
used for agriculture (EPA, 2021).
3

As mentioned of the problems with the agriculture fields being pulled from the CRP is
environmental concerns. One of those environmental concerns is water quality issues from
fertilizer runoff. The main macronutrients found in fertilizers are N, P, K, and Mg. These
macronutrients are responsible for an increase in fertilizer costs every year due to the production
of the nutrients decreasing. The lack of production of these four macronutrients can lead to a
limited production of future crops. Another environmental concern is the soil-fertility and the
negative effects of over application of fertilizers. A main problem with over applying fertilizer is
pre-desertification, erosion, and salinization (Andrea Goglio M. T., 2019)
The wastewater that is produced from food production chains can be a solution to over
fertilization with virgin fertilizers. Like wastewater from publicly owned treatment plants, the
wastewater from food production is packed with nutrients that can be recovered. The recovered
nutrients can be used for soil conditioners, new fertilizers, and carbon storage (Andrea Goglio M.
T., 2019). Microbial fuel cells (MFC) and bioelectrochemical systems (BES) are currently being
explored for nutrient recovery in wastewater because they can be manufactured from cheaper
earthen materials that be crushed down into a soil amendment once they are expended. This
thesis will be exploring how effective expended BES are as soil amendment for improving corn
plant growth through different agro-physical characteristics, and amount of nutrients supplied
into the soil. In addition to improving corn plant growth, the used BES soil amendment will be
investigated to see if the material can limit the negative effects caused by droughts.

4

CHAPTER II
LITERATURE REVIEW
The following section will be discussing the different microbial electrochemical
technologies that are currently available and how different soil amendments can improve plant
growth.
2.1
2.1.1

Microbial Electrochemical Technologies
Bioelectrochemical Systems
Bioelectrochemical systems (BES) are part of the Microbial Electrochemical

Technologies family. BES can make energy from wastewater by using little to no energy
consumption through electricity or other valuable chemicals such as hydrogen. Due to the little
threat of environmental impact, BES are often used to remove and recover metals, degrade
volatile organic matter, aid in desalination, and many other things. Like the other METs
(Microbial Electrochemical Technologies), BES use microbes as catalysts to convert chemical
energy into electrical energy (Tabbi Wilberforce, 2021). BES face a high economic cost that
make the large-scale application difficult to enact. With the high economic costs of BES, there
are many studies experimenting to use alternative low costs materials for BESs
(Bioelectrochemical Systems). Terracotta has been one of the many material types used in BES
architecture due to its natural porosity. Previous studies that have used the terracotta clay and
activated carbon for the construction have proven to perform the same or if not better than the
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traditional microbial fuel cells. The nutrients that are recovered using a BES can be utilized for
fertilizers for agriculture in a circular economy (Pierangela Cristiani, 2020).
2.1.2

Microbial Recycling Cells
Microbial recycling cells (MRC) are another type of wastewater treatment system that

aims to recover both organic and inorganic carbon forms and nutrients (Andrea Goglio M. T.,
2019). The capture of the different carbon forms and nutrients can lead to a positive impact on
the environment by reducing contamination, and by putting back the vital nutrient into the
ecosystem for plants. MRCs are derived from microbial electrochemical technologies (MET).
Other METs are microbial fuel cells that use microporous layers or gas diffusion layers. MRCs
are constructed with biogenic and biocompatible materials with aim that the materials can be
completely recycled with the recovered nutrients and organic carbon. The recycle material from
the MRC could potentially be used to create fertilizers and soil-conditioners. A problem that
faces MRCs is the electrochemical performance will decrease after a period (~60-90 days) but
will have a greater nutrient recovery due to the precipitation and build up layers of inorganic
salts around the cathode when the pH is between 9-11. Biofouling from microbial cells,
extracellular polymeric substances, and complex and recalcitrant organic molecules is one of the
most effective ways to remove suspended organics matter (Andrea Goglio M. T., 2019).
If MRCs were built with inexpensive, low-tech, biocompatible, and fully recyclable
materials that were used for fabrication of electrodes, separators and structural frames, the
application of them would be more practical. Terracotta has been used as the low-cost material in
laboratory studies and are fully recyclable. Terracotta has been an increasingly popular material
due to its versatile structure by changing the clay type, porosity, wall thickness and density.
Terracotta has been previously used microbial fuel cells (MFC) in cylindrical architecture as air6

water separators (Andrea Goglio S. M., 2019). There have been some studies performed with
MRCs that aimed to see how well cylindrical-shaped terracotta separators as air-water interface
in air-cathodes MRCs for macro- and micronutrient, inorganic carbon and suspended organic
matter recovery.
The first study done had two different wastewaters that were treated, swine manure (SW)
and artificial wastewater (AW). The artificial wastewater was composed of a standard medium
for mixed microbial-cultures with phosphate buffer. The composition was a 1 L of deionized
water, 1 mL of 4 g L-1 FeCl2 solution, 10 mL of macronutrient-medium with sodium acetate as
the ready-available carbon source. The experiment lasted for 250 days to monitor the
electrochemical performance (Andrea Goglio S. M., 2022).
After 250 days for the SW and AW, the currents produced on a 150 Ω resistance were
anywhere from 0.5 – 0.7 mA. On an open circuit, the currents were 0.4 – 0.7 V between the
anode and cathode. The differences between the two different wastewaters were SW had a drop
in biocurrents after 120 days, while AW had increased after every cycle during the whole
experiment duration. The first cycle produced 0.6 mA and peaked at 2.5 mA for cycles 2, 3, and
4. The current nearly dropped to zero at cycle 5. The current produced in AW was 1 mA at cycle
2 and increased up to 2.3 mA. The reason SW failed after 120 days, unlike AW, is due to the
progressive increase of internal resistance. A slower decay was noticed in the AW compared to
SW due to the inorganic salt decay in AW. SW had an inorganic salt deposition and organic
matter fouling. The internal resistance rose sharper in SW from day 20 to day 250 from 97 Ω to
311Ω than in AW. From day 20 to day 250, the internal resistance went from 33 Ω to 163 Ω
(Andrea Goglio S. M., 2022). In another study that lasted over 125 day, the current in the SW
had a maximum value of 800 mA m-2, which was the highest of the three wastewaters tested.
7

Like the first study, the SW had a decrease in current density, but it occurred after 75 days. The
other two tested wastewaters, cow manure (CM) and dairy-industrial wastewater (DW) saw a
decrease in current density to after 75 days. The reason for the drop in current density was due to
inorganic salt deposits. The inorganic salt deposit was first noted to affect the MRCs after 60
days (Andrea Goglio S. M., 2019).
The nutrients recovered from the first experiment showed after 250 days, the MCRs had
nearly double the nutrient recovery than compared to the control (open circuit potential, OCP,
conditions). The electrochemical forces from the current flow played a part in the nutrient
recovery process. The nutrient recovery in SW was negligible from days 100 to 250, while AW
had a slightly higher nutrient recovery at day 250 than day 100. The experiment agreed with
other studies that positive ions (nutrients) are carried through the porous material of terracotta to
the cathode to counteract the negative charge in the circuit. This study helps solidify nutrients
that can be removed from wastewater to solid surfaces. The pH was 1 to 1.5 units higher in the
air-water interface than in the bulk liquid. The pH in the MRCs was higher than the OCPs pH.
The water evaporation from the porous separator increased inorganic salt concentrations and had
a surplus of hydroxyl free radicals that were incomplete by the cathodic oxygen reduction
reaction. The second factor only is affected in MRCs, while the first factor is in both MRCs and
OCPs (Andrea Goglio S. M., 2022). The second experiment showed that the pH in CM was
constant throughout the experiment duration. While SW and DW had a higher pH than CM. In
all three wastewaters, the pH did not rise above 8.5 from days 35-55. When the three MCRs were
placed in the vicinity of terracotta separators on the anodic side, the pH rose to nearly 10 in all
three MCRs. The reason for the high pH in the cathode (pH of 9.5 – 10) was due to the same
reason in the first experiment, a surplus of liberated hydroxyl free radicals. This experiment
8

further increased the popularity of MCRs for nutrient recovery due to inorganic salts
precipitation on the terracotta separator. Organic carbon was removed with a high efficiency. By
the end of the experiment N, was nearly removed in DW (Andrea Goglio S. M., 2019).
The old MCRs from the first experiment used Italian legislation to evaluate how well the
recovered nutrients could be as a soil conditioner. K and P in SW had a range of 1 to 5 g kg-1,
and 0.2 to 0.8. In both SW and AW, the total nitrogen was around 0.8 – 1 h kg-1. The MCRs did
see a higher inorganic contaminate than the OCPs. The inorganic range was still acceptable for
EU standards for soil improvers and growing media (Andrea Goglio S. M., 2022). The second
experiment showed that the terracotta separators in the MCRs had a 10-fold increase in elements
when compared to the start. K and P were recovered in CW at 0.62 and 0.20 kg. The SM saw
2.35 and 1.05 kg recovered, while DW did not have any K recovered and only 0.38 kg of P
recovered. The inorganics recovered from the terracotta separators were significantly low in the
tested wastewater. The MCRs that treated SM and DW did preform the best at removing the
heavy metals (Andrea Goglio S. M., 2019). If the MCRs are going to be used for soil
improvement, it is best to check the heavy metal content after each use to see if the concentration
is within the country’s standards for heavy metal.
2.1.3

Microbial Fuel Cells
Microbial fuel cells are another branch under the MET tree that can be used to treat

wastewater. Previous studies have found that human urine is great at producing electricity in
MFCs (Microbial Fuel Cells). Waste from rice straw hydrolysate, corn stover, and vegetable
waste extract are considered good forms of electricity generation too (Rozi Sharma, 2022).
Traditional MFCs are constructed using expensive components such as platinum or corrodible
metals being used for electrodes, ion-exchange membranes, and complex reactor designs. For
9

MFCs to be more cost-effective, materials will need to be substituted for carbonaceous materials
for the electrodes, cheaper porous separators for the ion-exchange membrane, and simpler
designs for the reactor. The most cost-effective MFC design is the open-air architecture that
allows for better removals of chemical oxygen demand, higher current densities, and Coulombic
Efficiency. The high efficiency of the open-air architecture is due to the gas diffusion layer
(GDL). The GDL aids in separating the liquid chamber from the air side. The GDL is the
Achilles heel of long-term open-air MFCs too due to structural decay over prolonged periods.
Like the MCRs, terracotta is being experimented with in to replace polymer-based binders. By
using a cylindrical terracotta architecture design for the MFCs, nutrients could be potentially
recovered from the wastewater and be used as fertilizer for agriculture (Stefania Marzorati,
2018). Other biomass has been experimented with will as an alternative to terracotta as a porous
material.
A study to see how efficiently MFCs recover nutrients using two different biomasses as
porous materials were performed. Giant canes (GC) and Maize stalks (MS) were biomass
separators. There was an electrolytic separator between the electrodes and the treated wastewater
was swine manure that was fed with sodium acetate. The MS-MFCs did not produce currents
until day 7 of the experiment, unlike the GC-MFC that produces current on day 20. The GCMFC had a longer accumulation time and only produced a maximum current of 212 mA m-2 after
the first cycle, 22y mA m-2 after the second cycle, and 30 mA m-2 after the third cycle. The MSMFC had longer current production in cycles one and two (167 mA m-2 and 197 mA m-2,
respectively), but still was producing currents in cycle three, 227 mA m-2 (Stefania Marzorati,
2018).

10

Like MRCs, cations in the anolyte will attract the cathode and increase the pH. The rise
in pH will precipitate salts. Unlike terracotta-MFCs, lingo-cellulosic biomass is privy to
biodegradation which can hinder the recovery of nutrients. Hydrolysis from biomass can release
both organic and inorganic compounds back into the anolyte at the same time. The total ash and
volatile solids content were 3x higher in the GC-MFCs and 6x higher in the MS-MFCs, plus a
decrease in organic matter after 70 days. The researchers noted that biodegrading or salt build-up
could not be directly attributed to the results. The TKN increased in both the GC and MS-MFCs.
The GC-MFCs were more evident. In the GC-MFC, there was an increase in all elements bearing
Zn and P. The cathode was able to recover a large amount of Ca and Mg which could have
resulted from the high pH inhibiting the insolubility. Ni and Fe did have a partial recovery in the
lingo-cellulosic separator, but both elements were initially released from the chloride, sulfate, or
nitrate soluble salts. P deceased in the GC separator. The MS-MFC had drastically different
results than the GC-MFC. The reason for the different results is that the MS-MFC faced more
biodegradation than the GC-MFC. Na, Ca, and Mn were the only elements to increase in the
separator, while P, Nm, Ni, Fe, K, and Mg increased (Stefania Marzorati, 2018).
2.2

Soil Amendments
Soils may experience a multitude of problems such as being impoverish and degraded

over time. An impoverished and degraded soil will be less effective at growing plants and will
result in a higher amount of erosion. One of the main goals to replenish and improve soil
conditions is to increase the organic matter and soil microbial activities which will help establish
a favorable plant environment and increase the plant development (S. Rossini-Oliva, 2017).
Some of the common methods that have been used to increase soil conditions are biochar and
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sewage sludge. Both soil amendments have their own sets of advantages and disadvantages that
will be discussed.
2.2.1

Biochar
Biochar is an up-and-coming soil amendment due to its properties in increasing water

retention capacity (Xuezhi Liu Z. W., 2021), increasing the microbial community, in the
physiochemical process (Haipeng Wu G. Z., 2016), and increasing plant growth (Shelby
Rajkovich, 2012). Biochar's liming properties can raise the soil pH which can improve the cation
exchange capacity (CEXC) (Somchai Butnan, 2015). Biochar can cause negative effects on plant
growth if the soil pH is already high (Shelby Rajkovich, 2012). Carbon sequestration, carbon
farming, and climate change mitigations are positive advantages in using biochar too (Haipeng
Wu C. L., 2016) because of the stable chemical structure and particulate nature. Which is better
than any other organic amendment that provides high recalcitrance to microbial decomposition
(Xavier Domene, 2014).
Biochar can be produced through a variety of different methods. Common materials that
can produce biochar are wood, wheat straw (Xuezhi Liu Y. M., 2022), sewage sludge (Shengyu
Xie, 2021), feedstock (Shelby Rajkovich, 2012), algae, livestock, and poultry wastes (Jorge
Poveda, 2021). Biochar is an organic material that underwent pyrolysis, and thermal
decomposition of organic material in an oxygen-deficient environment at elevated temperatures
(Jorge Poveda, 2021). The temperature range during pyrolysis can impact the biochar
composition. The chemical composition of biochar that is produced at low temperatures will
behave similarly to feedstock and will behave more like graphite at high temperatures (Somchai
Butnan, 2015). Depending on which material the biochar was derived from, certain plant growth
can be impacted. Certain biochars can have a positive impact on a plant species, while another
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type of biochar will either have a trivial effect or a negative effect on that same plant species
(Xuezhi Liu Y. M., 2022).
To improve hard climate conditions, adding a biochar and compost mixture can improve
soil structure and act as a nutrient source for plant biomass production (Laila Bouqbis, 2021). A
study that compared biochar, compost, and a biochar-compost combination saw that each
mixture did improve the bacterial community richness and improved bacterial community
diversity. The biochar used in this study was derived from corn cobs. The soil amendments that
performed the best to worst were (1) biochar and rice composted in rice straw bags, (2) biocharcompost, (3) compost, (4) biochar in a mesh bag and composted in rice straw, (5) biochar, (6)
unamended soil (Haipeng Wu G. Z., 2016).
Biochar’s effect on plants has been researched thoroughly. A common plant that has been
used in biochar experiments is corn. One study that used a soil medium mixture of sewage
sludge biochar (SSB) with alkaline soil found a negative effect on the corn plants’ height, leaf
area, and stem diameter of the corn plants. The researchers stated even though the SBB had a
decrease in plant growth, SSB alone can improve the yield percentage in corn fruit but would
have better results if fertilizer was included in the soil medium. The SSB did see an improved
soil holding capacity than the control at the budding and jointing stages of corn development.
There was not a significant difference in soil moisture at other stages. The pH did not change
throughout the corn development stages and had a range between 7.6 – 7.9, through the five
different SSB treatments. Ammonium nitrogen was increased at first, which was attributed to the
second fertilizer application, but slowly decreased. For alkaline soils, a decrease in ammonium
nitrogen will occur when more SSB is mixed into the soil. Phosphorus and potassium did
increase in the soil during the budding stage when SSB was added. At the filling and maturity
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stage, the SSB effect was negligible on the available nutrient concentration. The potentially toxic
elements (PTE) in the SSB were initially high but did not exceed the Chinese standards for
risking screening values at the moderate SSB amendments. The PTE decreased as the corn
development furthered indicating that the PTE transferred from the soil to the plants. The health
risk for humans was determined by looking at the PTE levels in the niblets and corncobs. The
niblets contained a lower concentration of Cr, Mn, Ni, Cu, and Zn than the corn cobs which
showed a low consumption risk of PTE. The plants that had 1500 kg/ hm2 of SSB and no
fertilizer saw an increase in Cr, Mn, Ni, Cu, and Zn when compared to the 1500 kg/ hm2 of SSB
plus fertilizer. The consumption risk is elevated when fertilizer is not used with the SSB
(Shengyu Xie, 2021).
Another study used a variety of different biochars: corn stover, hazelnut shells, oak wood,
pine wood, digest dairy manure, food waste, paper mill sludge waste, or poultry with sawdust
bedding, to investigate the short-term effects of corn growth in a greenhouse. The total average
biomass production was like the application of the biomass of 0.2%, 0.5%, and 2%, while the 7%
application had a lower average total biomass. The hazelnut shells biomass had an insignificant
effect on biomass production, while the food waste and papermill biochar, at 300°C and 400°C,
had a reduction in plant growth. At temperatures higher than 500°C for biochar production, the
average plant growth improved. The largest shoot-root ratio was in the 2% application of biochar
made from dairy manure. As the pyrolysis temperature and application rate increased, the Tissue
N and total N uptake decreased across all biochar treatments. The food waste biochar contained
the highest N concentrations while having the lowest total N uptake. The dairy manure biochar
had higher N tissue concentrations when the pyrolysis temperature was low. The concentrations
of N tissue decreased as the temperature increased. Pyrolysis temperature was shown to be a
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crucial factor in biochar production because certain feedstock performed better with a high
pyrolysis temperature than others. Animal manures and graminaceous plants had the best plant
growth during the experiment (Shelby Rajkovich, 2012).
A third experiment tested biochar from the upper branches of eucalyptus trees to see if
corn plant growth can improve in a variety of diverse ways. The different tests performed on
corn plants grown in coarse soils over fine soils if higher pyrolysis temperatures can improve soil
properties, and plant growth, and determine the time effect on biochar benefits. Two distinctive
styles of biochar production were used during this experiment. The Flash Carbonization (FC)
biochar had better overall properties, such as macronutrients then the Thai traditional kiln (TK)
biochar. The FC biochar had a negative effect on biomass production in the Khorat soil,
especially at a 4% application rate. The first crop in the Wahiawa soil had a minor impact with
either the FC or TK biochar. The second crop in the Wahiawa soil had noticeable positive effects
when the application rate rose to 2% and 4% in both biochars. The TK biochar had a larger corn
biomass production (13.2 g pot-1) than the FC biochar corn biomass production (11.8 g pot-1) in
the first cropping cycle. The trend held true in the second cropping cycle. During the first
cropping cycle, the Khorat soil had an increase of K in the plant tissue and a decrease in Ca and
Mg for both biochars at the increasing application rates when compared to the control. The
second cropping showed that the 4% application rate of FC biochar had increased levels of K
than the control in both soils. It was determined that the biochar produced at low pyrolysis
temperature had a greater effect on corn plant growth for both soils and was able to decrease Al
(in Khorat soil) and Mn (in Wahiawa soil) concentrations. The FC biochar from high pyrolysis
had too much K and restricted plant growth. It was recommended that an application of 1% TK
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biochar be used for coarse-textured soil and 2% TK biochar be used for fine soils (Somchai
Butnan, 2015).
2.2.2

Sewage Sludge and Biosolids
One of the most desired products for soil amendments is sewage sludge due to its high

organic content and large production. The European Union had an estimated 10.13 million tons
of sewage sludge in 2006, and the EU estimated by 2020 that the sewage sludge would increase
to 13 million tons (S. Rossini-Oliva, 2017). As previously mentioned, the US produced 4.75
million dry metric tons of biosolids from wastewater treatment plants in 2019. Approximately
51.37% of the biosolids produced in the US were landed applied. Of that 51.37% that was land
applied, almost 60% was used for agriculture land (EPA, 2021). The US’ land application of
biosolids are comparable with countries in the European Union. The average amount of biosolids
that are land applied in the European Union is 40%. Some countries such France and Spain will
land apply 59 – 70% of their biosolid production (S. Rossini-Oliva, 2017).
Biosolids are separated into two classes: A and B. Class A solids are biosolids that have
no living pathogens, while class B can have certain living pathogens. Class A solids can be
immediately land applied, unlike class B where pathogens need time to degrade (EPA, 2021).
Another benefit that biosolids add to the soil, besides organic matter, is that it recycles nitrogen,
phosphorus, and other macro and micronutrients. There are negatives to adding biosolids to soils
because the biosolids will contain containments such as heavy metals and organic pollutants.
Class B soils if not properly treated can release pathogens into the soil.
Different soil compositions that contain sewage sludge can affect how well plants will
grow in certain soils. A study performed in Spain tested to see how different soil compositions
with different amounts of composted sewage sludge (CO) and sewage sludge co-composted
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(CSO) with olive prune wastes and the soil from the Riotinto mine area will affect chemical and
biological soil properties, the production of plant biomass, and see if the edible plant material has
any elemental transfer (S. Rossini-Oliva, 2017).
Both CS and CSO had a small difference in soil pH, but both soils did see an increase in
pH throughout the testing period at approximately 6.8. When 2% of either soil amendment was
added to the soil, a maximum increase in soil induced respiration (SIR) than the higher doses of
5-10%. A reason that a higher dose of CS and CSO had a lower SIR could be from the organic
pollutants and potentially toxic elements from the domestic wastewater inhibited the effective
mineralization of libile organic compounds by soil microorganisms. The CSO was able to
increase the dehydrogenase (DHA), an oxidorecuctase only present in viable cells, more than 6
times the amount of CS. Both CS and CSO had an increase in DHA than the control. The
maximum DHA value was reached after 4 days in the CS and 17-24 days in the CSO soil before
a reduction in DHA was observed (S. Rossini-Oliva, 2017).
During the experiment, some plants died before the experiment concluded, but had a low
mortality rate. The soil with the 10% addition of CS and CSO had lower germination of ahipa.
The plant biomass and plant pigment for ahipa were not affected by the addition of compost.
Tomato and ryegrass plants did not see a difference in germination or mortality from the CS and
CSO. The biomass for the tomatoes did increase in all the CS and CSO treatments, but CS and
CSO only had a biomass increase in the ryegrass at the 2% dose. CSO did increase the pigment
in tomatoes when compared with the non-amended soil. The 10% dose of CS did not affect the
chlorophyll A and carotenoid content when compared to the non-amended soil. Both composts
saw an increase in pigment in the Ryegrass. CSO was the better of the two composts for
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increases in biomass due to the larger N content than CS. N and other macronutrients, P and Ca,
promote soil fertility and protein and chlorophyll synthesis (S. Rossini-Oliva, 2017).
The addition of the composts did not increase the number of elements in the soil. Cd and
Zn were 78% and 132% in CS and 93% and 127% in CSO when compared to the non-amended
soil. In the ryegrass, there was a diminishing to no gain in elements in the leaves. Most elements
were below the amount to cause negative effects, so grazing animals would not be exposed to
harmful elements levels. Tomatoes saw an increase in Mo foliar concentrations after the addition
of the composts but were below critical levels. S was decreased in the tomatoes in both
composts. In both composts, ryegrass had macronutrients in the optimal range, unlike the nonamended soil that had below optimal macronutrients. Tomatoes saw a decrease in micronutrients
and hazardous material, except for Mo, after the addition of compost. The As was reduced by 3 4 folds in the CS soil, CSO had all concentrations of elements below or near the phytotoxic
levels (S. Rossini-Oliva, 2017).
2.3

Discussion
From what was discussed, METs can recover a significant amount of nutrients from the

wastewater treatment process on the terracotta membrane. If the terracotta membrane is broken
down to a reasonable size and could be used as a soil amendment. Biochar has been proven to
increase plant growth and improve soil conditions. If a MET was constructed using terracotta
and biochar, the nutrients recovered in addition to the biochar can potentially improve plant
growth by adding the benefits of the biochar and having to use less fertilizer for plant growth due
to the recovered nutrients. The following chapters will explore two different studies that compare
two BES soil amendments that treated two different wastewaters, synthetic dairy wastewater and
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synthetic municipal wastewater, to virgin terracotta clay, and biochar to see if they have a greater
effect on corn growth.
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CHAPTER III
INVESTIGATION IN NUTRIENT RECOVERY FROM WASTEWATER IN BES FOR
REUSE IN AGRICULTURE APPLICATIONS
3.1

INTRODUCTION
The following study took place during the late fall and early winter of 2021 at the

Environmental Plant Physiology Laboratory at the Rodney Foil Plant Science Research facility
of Mississippi Agriculture and Forestry Experiment Station, Mississippi State University, MS,
USA (33° 28’ N 88° 47 W). A total of 60 corn plants were grown using five different soil
mediums and using three different nutrient treatments.
3.2
3.2.1

Materials and Method
Germplasm, Experimental Setup, and Growth Conditions
The plant material is Agri gold A6659 Corn from St. Francisville, IL. An experiment was

conducted at the Environmental Plant Physiology Laboratory at the Rodney Foil Plant Science
Research facility of Mississippi Agriculture and Forestry Experiment Station, Mississippi State
University, MS, USA (33° 28’ N 88° 47 W) in the fall of 2021. The experiment had four
replications and five different soil mixtures with each soil mixture being treated with three
different nutrient treatments. A total of 60 PVC pots (4 pots per soil mixture and nutrient
treatment) with dimensions of 10.16 cm in diameter by 15.24 cm tall are filled with 2.54 cm of
pea gravel at the bottom with the soil mixture filling the remaining pot as the soil medium. The
soil mixture consisted of 9 parts topsoil and 1-part soil amendment by volume. The pots were
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placed under a pre-fabricated mini-hoop module (Ajaz A. Lone, 2019) with two heaters (one
placed at each end) to minimize the effects of the cold weather. Initially, 3 seeds were sown per
pot for each soil mixture and nutrient treatment. All 60 pots were slowly thinned to 1 seedling
per pot. Thinning took place 21 days to 27 days after sowing. A drip irrigation system was
installed to irrigate the experiment with respected nutrient treatment (100% Hoagland nutrition
solution, 50% Hoagland nutrition solution, and 0% Hoagland nutrition solution, Starkville City
municipal tap water) once per day (7:00 am) for 30 seconds. Temperature, humidity, and dew
point data for the growing season inside the rain shelter was recorded with button loggers
(Spectrum Technologies, Inc. Aurora, IL) of the planter’s box. The minimum and maximum air
temperatures in the pre-fabricated mini-hoop modules during the cropping season were 3.5 °C
and 36.1 °C. Figures 3.1 through 3.3 show the weather inside the pre-fabricated mini-hoop
module over the cropping season. Table 3.1 shows the average temperature, humidity, and dew
point during the growing season. The growing degree days is an estimation that is used to
determine the growth and development of plants during a growing season based off if the
temperature exceeded the minimum development threshold. The growing degree days was
calculated using the average temperatures recorded from the two-button logger (Pennsylvania
State University, 2020). The growing degree days for this experiment was 379.5 days.
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Figure 3.1

Combined ambient temperature under the Pre-Fabricated Mini-Hoop Module.

The following ambient air temperature was collected using a two-button logger (Spectrum
Technologies, Inc. Aurora, IL) under a pre-fabricated mini-hoop module. The ambient air
temperature was averaged together.

Figure 3.2

Combined Humidity under the Pre-fabricated Mini-Hoop Modules.

The following ambient humidity was collected using a two-button logger (Spectrum
Technologies, Inc. Aurora, IL) under a pre-fabricated mini-hoop module. The ambient air
temperature was averaged together.
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Figure 3.3

Combined Dew Point under the Pre-Fabricated Mini-Hoop Module.

The following ambient air temperature was collected using a two-button logger (Spectrum
Technologies, Inc. Aurora, IL) under a pre-fabricated mini-hoop module. The ambient air
temperature was averaged together.
Table 3.1

Average Air Temperature, Humidity, and Dew Point under the Pre-fabricated Mini
Hoop Module for the growing season.

Average Air Temperature, °C Average Humidity, %
Average Dew Point, °C
17.8
62.4
9.4
The average weather conditions were analyzed in Microsoft Excel once all the weather data was
collected.
The topsoil used in conjunction with the soil amendments was collected at the Rodney
Foil Plant Science Research facility of Mississippi Agriculture and Forestry Experiment Station,
Mississippi State University, MS, USA (33° 28’ N 88° 47 W). For the four different soil
amendments, the unused terracotta pots are 3140-408-2 Dover Planter S-Terracotta Pots from
EQ3 in Vancouver and Winnipeg Canada. The biochar is Charged Bio Char (Buildasoil.com,
Montrose, CO, USA). The two remaining soil amendments came from two bioelectochemical
systems (BES) constructed with terracotta pots, biochar, and stainless-steel mesh (Umesh
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Ghimire V. G., 2021). The BES treated either synthetic dairy wastewater or synthetic municipal
wastewater. In this paper, the soil amendments that are referring to the synthetic dairy
wastewater BES will be shown as DWW, and the soil amendment from the synthetic municipal
wastewater BES is shown as SWW. The unused terracotta pots and the two BES’ were crushed
into smaller pieces with a 2” Heavy Duty Milwaukee SDS-Max Rotary Hammer with a
Milwaukee 1-3/4” chisel bit (Milwaukee tool, Brookfield, WI). The crushed-up pieces were
sieved through a 19-gauge ½” galvanized steel mesh before being mixed with the topsoil. The
four soil mixtures were individually mixed in a concrete mixer before being placed into the pots.
Samples of the four soil mixtures and the control (unamended topsoil) were analyzed at the soil
testing lab at Mississippi State University, and the results are presented in table 3.2. After
harvesting the corn plants and performing all physical, Gas exchange and pigments, and Agromorphological traits, the plant’s shoots, and roots were grounded to a fine powder. The four
plants for each of the five soil groups and the respective nutrients were combined so the plant
tissue could be analyzed. The plant tissue analysis was performed at the soil testing lab at
Mississippi State University.
Table 3.2

Soil Analysis Breakdown.
Extractable Nutrient Levels (Pounds per Acre)

Soil

P

K

Ca

Mg

Zn

S

Na

pH

%N

SWW

577

159

771

37

3.2

0

752

7.3

0.033

DWW

59

132

697

33

1.0

0

169

6.7

0.034

SS

18

66

625

21

0.9

0

35

5.5

0.032
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Table 3.2 (continued)
Extractable Nutrient Levels (Pounds per Acre)
Soil

P

K

Ca

Mg

Zn

S

Na

pH

%N

BS

31

196

781

42

1.3

0

80

6.3

0.033

TS

20

97

659

25

1.7

0

43

5.6

0.031

The soil was analyzed at the soil testing laboratory at Mississippi State University prior to seeds
being sown.
3.2.2

Data Collection

3.2.2.1

Gas Exchange and Pigments
Net stomatal conductance (gsw, mol m-2 s-1), transpiration (E apparent, mmol m-2 s-1),

and difference in ambient air temperature and leaf reference temperature (°C) were taken and
recorded using a Li-600 portable photosynthesis system (LiCor Inc., Lincoln, NE, USA) using a
freshly expanded leaf.
3.2.2.2

Pigment Estimation
A handheld Dulex® Scientific instrument (Force A DX16641, Paris, France) was used on

the uppermost part of the leaf with a developed collar to determine the leaf’s chlorophyll content,
flavonoids, and nitrogen balance index for each the soil mixtures and corresponding nutrient
treatment. One reading was taken per one plant leaf for a total of 60 readings.
3.2.2.3

Agro-Morphological Traits

3.2.2.3.1

Shoot Morphology

Using a standard metric ruler, the plant height (PH, cm plant-1) was measured by hand
from the soil surface to the highest leaf collar. Leaf number (LN, no plant-1) was recorded as the
total number of fully developed leaves with a collar. A LI-3100 leaf area meter (LiCor Inc.,
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Lincoln, NE, USA) was used to measure the leaf area after the plants were cut at the soil and all
materials were separated from the stem.
3.2.2.3.2

Root Morphology

The left-over root systems and soil were gently removed from the PVC pots and placed
on a wire mesh screen. The root systems were washed with a gentle stream of water until the
roots were clean. Using a 400 x 300 cm acrylic tray filled with 5 mm of water, the roots were
able to be floated. While floating on the tray, the roots were untangled using a fine paintbrush to
minimize roots’ overlap to ensure image quality. An Epson Expression 11000XL scanner
captured root morphology images at an 800-dpi resolution (Epson America, Inc., Long Beach,
CA, USA). The scans were analyzed by WinRHIZO Pro 2009C software (Regent Instruments,
Inc., Québec, QC, Canada). The analyzed results quantified the multiple root growth and
development parameters for each plant: total root length (TRL, cm plant-1), root surface area
(RSA, cm2 plant-1), root forks (RF, no plant-1), root tips (RT, no plant-1), and root volume (RV,
cm3 plant-1).
3.2.2.3.3

Time to Seedling Emergence

Days to 50% seedling emergence (50% E) was manually recorded for each soil mixture
and nutrient treatment. 50% seedling emergence occurred when more than 2 seeds emerged out
of 3 seeds per soil/nutrient combination for each plant.
3.2.2.3.4

Biomass Allocation

Once all testing was completed and the plant components were analyzed, the separate
plant parts were placed in individual paper bags. The bags were placed in an oven and dried at a
temperature of 80 °C for at least 72 hours to reach constant weight. The samples were weighed
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for leaf dry weight (LDW, g plant-1), stem dry weight (SDW, g plant-1), crown dry weight
(CDW, g plant-1), and root dry weight (RDW, g plant-1). The total dry weight (TDW, g plant-1)
was calculated as the sum of all four components per plant.
3.2.2.4

Statistical Analysis
The experiments were analyzed by taking the averages from numerous variables that

came from the individual plants that were grown in different soil groups and nutrient treatments.
The analysis was performed in computer software Microsoft Excel add-in with XLSTAT version
2022.1.2. The average results from each variable per soil group and nutrient treatment were
compared to one another. All plots and figures were created in Microsoft Excel. XLSTAT was
used to compute Principal Component Analysis and Correlation analysis.
3.3
3.3.1

Data Analysis and Discussion
Soil Analysis
At the time of the soil testing, the four soil groups and the control soil were not yet

treated with nutrient solutions. The results of the soil analysis are shown in table 3.2. SWW soil
had elevated levels of P and Zn compared to the other soils. A reason for the elevated levels in
the SWW soil is that the BES was designed with a nutrient buffer solution in it (Umesh Ghimire
V. G., 2021). The nutrient buffer solution allowed for more phosphate to be absorbed into the
reactor. SWW, DWW, and BS soils had noticeably higher pH than SS and TS soil. A reason for
the increase in pH could be the addition of biochar. In another study by Wenxi Liao and Sean C.
Thomas that invested the effects of biochar on soil, they found that all their samples with biochar
had higher pH values than their control (Thomas, 2019). All four soil amendments had more K in
their soil than the control.
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3.3.2

Shoot and Root Observations
Table 3.3 and figures 3.4 and 3.5 show the shoots and roots of 15 plants from the

experiment. The plant was selected as the visible average for each soil and nutrient treatment
combination. Table 3.3 displays which plant came from which soil group and nutrient treatment.
Table 3.3

The Visibly Average Corn Plant Size for Each Category.

Soil
Treatment

100% Hoagland Nutrient
Treatment

50% Hoagland Nutrient
Treatment

0% Hoagland Nutrient
Treatment

SS

Plant 3

7

11

TS
15
18
22
BS
28
30
34
DWW
39
42
46
SWW
50
53
58
The plants were chosen because they were the visible average of the four plants that made up
each combination of nutrient treatment and soil medium.
The three plants from the control soil group appeared visibly to have the smallest shoots
and decently large root systems for their respective soil group and nutrient treatment
combination. The shoot from plant 15 (TS at 100% nutrient loading) appeared to be the largest
shoot of the 15 plants. At the 100% nutrient loading, the shoots from plants 28 (BS), 39 (DWW),
and 50 (SWW) appeared to be equal, while plant 3 has the smallest shoot. For plants treated with
50% nutrient loading, plant 53 (SWW) appeared to have the largest shoot. Plant 42 (DWW) has
the second largest shoot with plants 7 (SS), 18 (TS), and 30 (BS) being about the same size. The
0% nutrient loading, saw that plants 46 (DWW) and 58 (SWW) had noticeably larger shoots than
the other plants. The plants grown in the TS soil group went from being the visibly largest shoot
to the visibly smallest shoot. The terracotta amendment appeared to aid in plant growth when
extra nutrients are added to the soil group but failed to increase growth when no nutrients were
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added. An explanation is that terracotta does not have any properties that can react with the
macro and micronutrients when extra nutrients are not present. The shoots from DWW and
SWW plants are not visibly the largest shoots at the 100% nutrient loading but are still quite
large. When the nutrient treatment is lowered, SWW and DWW plants can produce the largest
shoots. A reason for the increase in shoot growth compared to the other plants is that the BES
soil amendments were able to absorb nutrients from the wastewater treatment process and release
them into the soil. Further investigation was done to see if the measured physical characteristics
match the visible results.
The roots for the 15 selected plants are shown in figure 3.5. Like the shoots, plant 15 (TS)
visually appears to have the largest and densest root system. For the rest of the roots treated with
100% nutrient loading, the roots from plants 28 (BS), and 39 (DWW) appear to be equal and are
about the second largest and most dense root systems. Plants 3 (SS) and 50 (SWW) have the
smallest/least dense roots. At the 50% nutrient treatment, the roots from those 5 selected plants
are the same size but plant 42 (DWW) appears to have the largest root surface area. The roots
from the 0% nutrient treatment are collectively the smallest of the 15 root systems, which is
logical due to receiving the least amount of nutrients.
By observation, the roots from plants 11 (SS) and 46 (DWW) appear the largest. The
roots from plant 58 (SWW) are the next largest. Like the shoots, the plants grown in the TS soil
medium went from having the visible largest root system to the visible smallest root system as
the nutrient loading decreased. similarly, the root system grown in the DWW soil medium
produced some of the largest root systems in each nutrient loading. The roots grown in the SWW
soil medium appeared to be some of the smallest roots for each nutrient treatment, their shoots
were still some of the largest shoots grown in the 15 samples. A reason for the growth difference
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is that the roots were not under a large amount of stress. A plant under less stress should not have
to have a large root system to survive unlike a plant under a lot of stress. The roots in the SWW
soil group appeared to have a high nutrient uptake. The plants grown in the control soil group
appeared to be under the most stress since the plants had quite large root systems but small
shoots.

Figure 3.4

The 15 Visibly Average Shoots for the Experiment.

The visibly average shoots for each of the different soil medium and nutrient treatment
combinations.
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The added nutrients in the DWW soil group had similar effects to the SWW soil. The DWW soil
group appears to have the best results. The plants had some of the largest visible shoots and
roots. A reason the DWW soil amendment was the best performing soil medium is that the plant
was able to have larger shoots without having to sacrifice root volume. The roots were able to
uptake nutrients too.

Figure 3.5

The corresponding roots for the 15 Visibly Average Corn Plants.

The corresponding roots to the shoots shown in Figure 3.4 for each of the different soil medium
and nutrient treatment combinations.
3.3.3

Agro-Physical Characteristics
The following sections will be discussing a multitude of different agro-physical

characteristics that were recorded during the harvest. In appendix A, there will be figures that
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contain more agro-physical characteristics that were not discussed in this section but can give
more information on how well the different soil mediums performed in growing plants.
In four out of the five soil groups, the 100% nutrient loading had the tallest plant, and the
0% nutrient loading yielded the smallest plants. The 50% nutrient loading varied in height in all
five soil amendments as shown in figure 8. The soil group with the tallest plants was the SWW at
100% nutrient loading at an average height of 7.53 cm. The rest of the soil amendments at the
100% nutrient concentration, varied in height by 0.27 cm. All the soil groups, except the DWW,
showed a decrease in plant height as the nutrient loading lowered. The average plant height in
the DWW soil at the 50% nutrient concentration was 6.70 cm, while the average plant height was
6.63 cm at the 100% nutrient loading. When comparing the plant heights at the 0% nutrient
treatment, both the plants grown in the DWW and SWW soil yielded taller plants than the
control. The plants from the DWW soil were 34.3% taller than the control, and the plants from
the SWW soil were 6.2% taller than the control. From the sample data, it appears that amending
the soil with either DWW or SWW will yield taller plants than the control.
The total dry weight is the shoot dry weight, and the root dry weight is added together.
The shoot is comprised of the stem, leaves, and crown of the plant. The average total dry weight
for each soil group and nutrient loading are shown in Figure 8. The data shows a linear
correlation between total dry weight and nutrient loading. In each soil group, the total weight
decreased as the nutrient loading decreased. The control group did not have a significant
difference in total dry weight between the 100% and 50% nutrient loading. The TS soil group
had the largest difference in total dry weight. There is a 0.56 g difference from the 100% to the
50% nutrient loading, and a 0.55 g difference from the 50% to the 0% nutrient loading from the
plants grown in the TS soil. In every soil group, the largest weight difference occurred when the
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nutrient loading decreased from 50% to 0%. The plants from the DWW and SWW soil groups
had the two heaviest total weights at 0% nutrient loading. The plants from the DWW soil group
saw a 150% (0.55 g) increase in average total dry weight, and the average total dry weight from
the SWW soil group saw a 50% (0.33 g) increase when they were compared to the average
control total dry weight (0.22 g). A reason for the increase in weight is that soil groups had extra
nutrients in them that helped in plant growth. This theory is consistent with the plant height.
Besides the TS soil group at the 100% nutrient loadings, the DWW and SWW soils had either
the heaviest or second heaviest total dry weights for each nutrient loading.

Figure 3.6

The Average Plant Height Compared to the Average Plant Weight.

The data shown is the average plant height and average plant weight for the four plants grown in
each soil medium and nutrient treatment.
The average leaf number (of 3 per plant) did not show much variation between the 100%
and 50% nutrient concentration for much of the soil, except for the terracotta soil amendment.
The average leaf per plant differed by 0.25 leaves between the 100% (3 leaves) and 50% (2.75
leaves) nutrient loading. In all soil groups at the 0% nutrient loading, the average number of
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leaves per plant dropped. The control group yielded the least LN per plant with an average of 1.5
leaves. In contrast, the plants from the DWW and SWW soil at the 0% nutrient treatment had the
largest average LN at 2.67 leaves, which was a 78% increase. The DWW and SWW soil are
continuing to show a positive impact on the corn plants when no extra nutrients are added.
Figure 3.7 shows a graph of the average leaves per plant.
In all 5 soil groups, there is a clear proportional decrease in leaf area when each nutrient
loading decreased. The largest difference in leaf area was in the TS group between the 100% and
50% nutrient loading. The leaf area dropped by 94.62 cm2. The second largest difference in leaf
area (66.8 cm2 decrease) for the soil group was in the BS soil group at 50% and 0% nutrient
loading. The three other soils showed a constant decrease in leaf area as the nutrient loading
lowered. Figure 3.7 shows the average leaf areas for the soil groups. When the plants were
treated with 0% nutrients, the plants from the DWW and SWW soil groups still produced the
leaves with the largest average surface area. The DWW plants saw a 93.06% increase and the
SWW plants saw a 31.02% increase in surface area when compared to the control group. The
plants from the TS or BS soil groups either had their average leaf surface areas close to the
control group or less than it. The plants from the TS and BS soil group had a leaf surface area of
26.32 cm2 and 17.62 cm2, respectively. The average leaf surface area for the control was 26.53
cm2.
In 3 out of the 5 soil groups, the root dry weight decreased as the nutrient loading
decreased. The two soil groups that did not follow this pattern was the control and SWW soil
group. In both cases, the average root dry weights in the control and SWW weighed more when
treated with the 50% nutrient treatment than the 100% nutrient treatment. There was an 0.01 g
increase in the average root dry weight in the plants grown in the SWW soil at the 50% nutrient
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loading than the 100% nutrient loading. While in the average root dry weight from the control
group at the 50% nutrient treatment weighed 0.07 g more than the 100% nutrient treatment. The
remaining soil groups did see a decrease in weight from 100% to 50% nutrient loading.

Figure 3.7

The average leaf number and leaf areas for the different soil and nutrient treatment
combinations.

Leaf number is the number of fully developed leaves with a collar. The leaf area was recorded
with a LI-3100 leaf area meter.
The TS soil group had the heaviest and lightest root dry weight at 0.48 g (100% nutrient
loading) and 0.10 g (0% nutrient loading), respectively. The DWW soil group had the smallest
difference in dry weight between all the nutrient loadings. At the 0% nutrient treatment, the
average dry root weight from the DWW plants was the only group to weigh more than the
control at 0.24 g. The roots from the SWW plants had an average dry weight of 0.14g, which is
just 7.14% less than the control. Figure 10 shows the root dry weight for each plant at each soil
amendment and nutrient loading.
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There is a linear correlation between the shoot weight and nutrient treatment. As the
nutrient loading decreased, the shoot dry weight decreased too. Like the root dry weight, the TS
soil group had the widest range of dry weights between the different nutrient loadings. The 4
remaining soil groups saw a slight decrease in dry weight from the 100% to 50% nutrient
treatment, and a large drop in dry weight from the 50% to 0% nutrient loading. The plants from
the DWW and SWW soil groups had the two heaviest shoot weights at 0% nutrient loading at
0.31 g (342.86% increase) and 0.19 g (171.43% increase), respectively. These two groups had
the best weight and showed the added nutrients collected from the BES did positively affect
plant growth when no extra nutrients were added. Both the shoots from the DWW and SWW soil
groups still yielded heaver shoots than the control at the 50% and 100% nutrient treatment.
Figure 3.8 shows the average shoot weight. The shoot dry weights can be seen in figure 3.8.

Figure 3.8

The Average Root Dry Weight Compared to the Average Shoot Dry Weight

The roots and shoots were dried in a paper bag for 72 hours in an oven at a temperature of 80°C.
The weights were recorded with a scale.
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The root/shoot ratio is how much of the total plant biomass is in either the roots or shoots
(Junzhi Ye, 2021) . The root/shoot ratio for each plant is seen in figure 3.9. The closer the ratio is
to 100%, the roots make up most of the total weight. The plants from the DWW and SWW at the
0% nutrient treatment were the only plants to have their ratio less than 100% at the 0% treatment.
The control group had the largest root/shoot ratio at 212.8%m which means most of the plants’
total weight came from the roots. The plants from the TS and BS soil group had root/shoot ratios
of 113.3% and 101.1%, respectively. When looking at the 50% treatment, the plants from the BS
soil group had the best root/shoot ratio at 45.4%, and right behind it were the plants from SWW
soil at a root/shoot ratio of 46.3%. The plants from the DWW soil group still had a root/shoot
ratio (52.4%) better than the control (55.7%). The control group had the best root/shoot ratio
(33.7%) at the 100% treatment with the SWW soil group closely behind it at 36.6%.
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Figure 3.9

The Average Root Versus Shoot Ratio for the Corn Plants.

The root and shoot ratio describe how much of the plant biomass is made up in the roots or in the
shoots. Healthier plants should have a lower root and shoot ratio.
In all five soil groups, the average root length decreased as the nutrient treatment
decreased. In the TS, DS, and DWW soil groups, there was a significant decrease in root length
from 50% to 0% nutrient concentration. The TS soil group saw had the longest and shortest root
lengths at 1186.92 cm and 336.02 cm, respectively. The two soil groups that had the least
variation between the nutrient loadings are the control and SWW soil. The DWW soil had the
second longest recorded roots for the 100% and 50% nutrient loading but the third longest for the
0% nutrient loading. The SWW group had the shortest recorded root length for the 100% and
50% nutrient loading and the second longest root length for the 0% nutrient loading. Even
though the root lengths for the plants in the DWW and SWW soil groups were not as long as the
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control, their shoots were the two tallest shoots at the 0% nutrient loading. Figure 3.10 displays
the root length for each plant.
In 4 out of the 5 soil groups, the average root surface area (RSA) decreased as the
nutrient loading decreased. The control group’s RSA was slightly larger at the 50% nutrient
treatment (148.52 cm2) compared to the 100% nutrient treatment (147.84 cm2). The TS soil
group at 100% nutrient loading had the largest RSA at 257 cm2. The DWW and SWW soil
groups saw a constant drop in RSA between each of the three nutrient loadings. Both the plants
from the DWW and SWW soil groups had the two largest RSA when the nutrient loading was at
0% nutrient loading at 140.54 cm2 and 106.36 cm2, respectively, and were more than 240.8% and
157.9% greater than the control. The roots from the TS and BS soil groups had similar RSA to
one another at 71.47 cm2 and 78.39 cm2, respectively. At the 50% nutrient loading, the RSA for
the SWW soil group was 141 cm2 compared to the control (148.52 cm2). The plants from the
SWW soil group were the only group to have an RSA less than the control. RSA can be seen in
figure 3.10.
Like most of the other groups, the TS soil group produced the roots with the largest and
smallest root volumes (RV) depending on the nutrient loading. Besides the TS soil group, the
other soil groups and the control had a small difference in RV from the 100% to 50% nutrient
loadings. Except for the control, the four soil groups experienced a decrease in RV when the
nutrient loading decreased to 0%. The plants from the DWW and SWW soil groups produced the
largest to third largest RV for all nutrient loadings. At the 0% treatment, the smaller RV for
DWW and SWW soil groups could be related to their larger shoot height and weight, and may
not have needed the extra roots to support their growth. When the treatment was increased to
50% nutrient loading, all four soil groups had a larger RV than the control. Of the four soil
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groups, the DWW soil had the largest RV at 2.83 cm3, while the SWW soil had the smallest RV
at 2.26 cm3. At the 100% nutrient treatment, the TS soil had the largest RV at 4.44 cm3, with the
BS soil having the smallest RV at 2.52 cm3. RV can be seen in figure 3.11.

Figure 3.10

The Average Root Length compared to the Average Roots Surface Area.

The root length and root surface area were collected with an Epson Expression 11000XL scanner
and captured the root morphology at an 800-dpi resolution. The root scans were analyzed with
the program, WinRHIZO Pro 2009C.
In all five soil groups, the chlorophyll levels decreased as the nutrient loading decreased.
The chlorophyll content for each plant is displayed in figure 3.12. The DWW soil had the largest
chlorophyll content in both the 100% and 50% nutrient loadings at 25.11/plant and 20.92/plant,
respectively. Both the DWW and the SWW soil groups had similar chlorophyll content to the
rest of the other soil groups for all three nutrient loadings. At the 0% nutrient loading, the control
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group did have slightly higher chlorophyll content (13.15/plant) in its leaves than the plants in
the DWW soil (12.12/plant) and SWW soil (12.87/plant). The TS soil had the smallest amount of
chlorophyll (8.99/plant) when treated with 0 nutrients. It does not appear the extra nutrients
found in those soil amendments played a significant part in chlorophyll production. At the 50%
nutrient loading, only BS and DWW plants had more chlorophyll content than the control
(18.70/plant) at 19.28/plant and 20.92/plant, respectively. The DWW plants were the only group
to have a higher chlorophyll content (25.11/plant) than the control (21.87/plant) at the 100%
nutrient treatment.

Figure 3.11

The average root length and the average root volume for the different
combinations of nutrient treatments and soil mediums.

The root length and root volume were collected with an Epson Expression 11000XL scanner and
captured the root morphology at an 800-dpi resolution. The root scans were analyzed with the
program, WinRHIZO Pro 2009C.
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If a plant has a high flavonoid count, it is experiencing a high-stress load (WinkelShirley, 2002). The data does not show a significant difference in flavonoids between the
different soil groups at 0% nutrient loading. At 100% nutrient loading, the data shows that the
control, DWW, and SWW soil groups had comparable results to one another. The SWW soil
group did have fewer flavonoids than the DWW soil group at a 50% nutrient loading. The DWW
soil group had the highest flavonoid count of all five soil groups, and the SWW had the third
lowest flavonoid count at the 50% treatment. The soil amendments do not reduce flavonoid
count and can increase the count in some circumstances. The flavonoid count for each plant is
shown in figure 3.12.
In all five soil groups, the nitrogen balance index (NBI) decreased as the nutrient loading
decreased. NBI is a combination of chlorophyll and flavanol (Pessl, 2022). Plants with a higher
nitrogen balance index are considered healthier. The DWW and SWW soil groups had large NBI
for the corresponding nutrient loading. Their NBI was the largest to third largest NBI in all three
nutrients loading. The DWW plants saw the largest decrease in the NBI as the nutrient loading
decreased. At the 0% nutrient loading, DWW and SWW plants saw on average a 2.7% and 8%
increase in NBI when compared to the control. At the 50% nutrient loading, the DWW’s NBI
was 6.3% less than the control, while the SWW saw a 9.2% increase in NBI compared to the
control. Both the DWW and SWW plants had increased (28% and 11.6%, respectively) in NBI in
comparison to the control at the 100% nutrient loading. The extra nutrients in the soil do appear
to be benefiting the plants. NBI is displayed in figure 3.12.
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Figure 3.12

The Average Chlorophyll, Flavonoids, and Nitrogen Balance Index for the Corn
Plants.

The chlorophyll, flavonoids, and NBI for each plant were collected with a handheld Dulex ®
Scientific instrument. The Dulex ® was placed on the leaf with a developed collar. One reading
was taken for each plant for a total of 60 readings.
The stomatal conductance shows how many leaf pores are opening to control water losses
and CO2 uptake (Gaelle Damour, 2010). A healthy plant will have wider pore openings than a
plant under stress. Both the DWW and SWW plants had a large pore opening compared to the
remaining plant groups at 100% nutrient loading. It does appear the extra nutrients positively
impacted pore width when the nutrient loading is high. When the nutrient loading was reduced to
50%, The DWW plants did not show a similar trend of large pore openings as they did in the
100% nutrient loading. The DWW plants did have larger pore openings than the control, TS, and
BS soil groups. Like the 100% nutrient loading, the SWW plants had large pore openings
compared to the rest of the soil groups. As it did at the 100% nutrient loading, the DWW plants
had the largest pores opening when treated at the 0% nutrient loading. Unlike what was shown in
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the 100% and 50% nutrient loadings, the SWW plants had the second smallest pore openings in
all 5 soil groups. The control soil had the smallest pore opening. The extra nutrients found in the
DWW and SWW soil groups did have positive effects on the plant and how wide the pores will
open, except for the SWW at 0% nutrients. The plant’s stomatal conductance is shown in figure
3.13.
Transpiration is how much water is leaving the plant through the leaves. Figure 3.13
shows the transpiration for each soil group. When a plant is under stress, the plant will limit pore
opening to reduce water loss. A healthy plant will have larger pore openings. Both the DWW and
SWW soil groups had more water loss compared to the rest of the soil groups at 100% nutrient
loading. It does appear the extra nutrients positively impacted transpiration in the plants when
the nutrient treatment is high. When the nutrient treatment was reduced to 50%, the SWW plants
did not show a large amount of transpiration like in the 100% nutrient treatment. The SWW
plants did have more transpiration than the control, TS, and BS soil groups. Like the 100%
nutrient loading, the DWW plant group had significant transpiration compared to the rest of the
soil groups. At the 0% nutrient loading, the DWW plants experienced the most transpiration.
Unlike what was shown in the 100% and 50% nutrient loadings, the SWW plants experienced
the second smallest amount of transpiration just above the control group. The extra nutrients
found in the DWW and SWW plants groups did have positive effects on the plant and allowed
for more transpiration to occur, except for the SWW plants at the 0% nutrient loading.
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Figure 3.13

The Average Stomatal Conductance and the average Transpiration for each Corn
Plant grouping.

A Li-600 portable photosynthesis system was used to record the stomatal conductance and
transpiration. The Li-600 was placed on freshly expanded leaf.
3.3.4

Plant Tissue Analysis
Due to limited sample size, all four plants (roots and shoots) per soil group and nutrient

loading were mixed and are shown above in table 3.4. The control had the highest nitrogen levels
out of the 5 soil groups. The DWW soil group had the least amount of nitrogen out of the 5 soil
groups. Less nitrogen in the plant tissue for the DWW and SWW plants is comparable to the
chlorophyll levels at the 0% nutrient treatment. Nitrogen helps with chlorophyll production
(Buchholz, 2022). The limited supply of nitrogen reduces the available chlorophyll. Unlike the
0% nutrient loading, the DWW and SWW plants had higher amounts of nitrogen in their plant
tissue at the 50% and 100% nutrient treatment. The increase in chlorophyll is representative of
the chlorophyll levels for those plants. The 50% nutrient loading had 3 soil groups (BS, DWW,
SWW) with higher nitrogen levels than the control.
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Potassium helps plants with the movement of water, nutrients, and carbohydrates. A plant
with a high potassium count will be able to better regulate the opening and closing of the stomata
(University of Minnesota Extension, 2018). As mentioned earlier, the stomata regulate the
transfer of water vapor, oxygen, and carbon dioxide. Plants with low K can have stunted growth.
The SWW plants had the lowest levels of K in both the 0% and the 50% nutrient loading. The K
in the SWW plants was only 67% of the K found in the control for the 0% nutrient loading. A
reason for the possible low levels of K could be that some of the pots did not drain well and
retained water. The water limited the amount of oxygen in the soil and could have suffocated
some of the plants with stunning nutrient growth transfer. The TS plants did not see any
improvement in K compared to the control at the 0% nutrient. The BS and DWW plants had an
exceptionally large K concentration compared to the control. The BS plants had the highest K
concentration for all 5 soil groups at the 0% nutrient concentration.
Table 3.4

The Plant Tissue Analysis for the different categories.
NUTRIENTS IN PLANT TISSUE

NUTRIENT

Soil

%N

TRT (%)

100

50

%

%K

Ca

%

%P

%S

Mg

Cu,

Zn,

Mn,

Fe,

B,

ppm

ppm

ppm

ppm

ppm

SS

2.90

0.65

3.05

0.13

0.21

0.17

6.51

55.42

31.85

204.33

37.81

TS

2.66

0.62

3.51

0.13

0.16

0.18

4.57

41.16

31.48

125.80

39.18

BS

2.59

0.55

3.44

0.12

0.17

0.13

4.05

77.71

25.49

181.42

43.36

DWW

3.04

0.74

4.03

0.15

0.24

0.23

5.06

40.50

41.65

136.86

40.32

SWW

3.63

0.40

3.36

0.14

0.53

0.23

4.14

32.16

34.06

149.13

47.43

SS

2.25

0.58

2.67

0.12

0.14

0.13

5.10

38.03

24.86

187.84

39.46
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Table 3.4 (continued)
NUTRIENTS IN PLANT TISSUE
NUTRIENT

Soil

%N

TRT (%)

50

0

%

%K

Ca

%

%P

%S

Mg

Cu,

Zn,

Mn,

Fe,

B,

ppm

ppm

ppm

ppm

ppm

TS

2.29

0.64

3.48

0.13

0.14

0.16

5.04

43.79

30.37

141.56

48.18

BS

2.56

0.66

3.83

0.15

0.18

0.20

5.21

42.86

41.28

114.86

50.92

DWW

2.96

0.74

4.12

0.17

0.25

0.23

5.04

42.79

55.04

128.58

50.64

SWW

2.77

0.29

2.19

0.10

0.50

0.24

5.82

32.21

54.88

143.68

41.48

SS

1.73

0.61

2.14

0.19

0.30

0.14

7.06

54.02

107.16

272.80

48.86

TS

1.66

0.53

2.16

0.14

0.23

0.11

5.09

44.52

112.23

544.53

49.77

BS

1.45

0.57

3.26

0.17

0.30

0.14

6.17

44.52

162.06

454.76

56.56

DWW

1.40

0.49

3.10

0.13

0.26

0.21

5.20

26.41

74.81

206.03

43.51

SWW

1.54

0.19

1.44

0.10

0.63

0.25

6.59

32.60

191.19

407.03

50.62

The plant tissue analysis was performed at the Soil Testing laboratory at Mississippi State
University. For each combination of soil medium and nutrient treatment, the four samples from
the plants were combined into one large sample due to the small biomass produced.
As mentioned before, the K concentration in the SWW soil at 50% nutrient loading was below
the control. The three remaining soil groups had large concentrations of K in their plants tissue.
The quantities ranged from 30-55% higher K concentrations than the control group. The DWW
plants had the largest amount of K for the 50% nutrient loading. At the 100% nutrient loading,
all four soil amendments had more K in their plant tissue than the control. The TS, BS, and
SWW plants only had about 10-14% more K than the control, while DWW plants had 32% more
K in its plant tissue.
Calcium’s main goal in plant growth is to provide structural support to cell walls
(Oldham, 2019). At the 0% nutrient loading, all four soil groups experienced lower levels of
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calcium in their plant tissue than the control. Low calcium levels can inhibit plant growth. The
soil amendments could be reacting with the soil and reducing the calcium from the soil. The
local city water could be reacting with the soil too and limit the calcium levels. The SWW plants
had the lowest levels of calcium at 32% of the control, while the three other soil groups ranged
from 81 – 94% of the calcium levels found in the control. At the 50% nutrient loading, the TS,
BS, and DWW soil groups had higher calcium levels than the control. The SWW plants still had
less calcium in the plant tissue compared to the control. The DWW plants had the most calcium
reported for the 50% nutrient loading. At 100% nutrient loading, the TS, BS, and SWW plants
still had less calcium in their plant tissue than compared to the control. The TS and BD plant
groups were only 5-10% lower than the control, while the SWW plants were 40% lower than the
control.
Magnesium is the main factor in chlorophyll production (Oldham, 2019). Like the
nitrogen at the 0% nutrient loading, the magnesium levels in all four soil groups were lower than
the control group. The SWW soil group had the lowest amount of Mg in its plant tissue, at 55%
of the control. The BS soil group had the highest amount of Mg of the five groups at 91% of the
control group. The DWW plants had higher amounts of Mg than the control, but the SWW plants
were less than the control. The Mg concentration in the DWW plants was 45% higher than the
control, while the Mg in the SWW plants was only 89% of the control. At 100% nutrient loading,
the amount of Ca in the plant tissue compared to the control varies on the soil group. The DWW
plants still had the highest amount of Ca at 14.29% greater than the control. The SWW plants
had the same amount of Ca as the control. TS and BS plants both had less Ca in their plant tissue
than the control.
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Phosphorus helps in plant growth by stimulating root and shoot growth, promoting
vigorous seedling growth, and advancing maturity (Larry Oldham, 2020). In all 3 nutrient
loadings, there are elevated levels of phosphorus in the SWW plants. A reason for the high
phosphorus could be the makeup of the synthetic wastewater that was treated in the BES. The
SWW plants will not be compared for this section due to the outliers in the results. The three
other groups did not have a large phosphorous uptake at the 0% nutrient loading when compared
to the control. The TS and DWW plants have less phosphorous than the control, and BS plants
had the same amount. At the 50% nutrient loading, a larger uptake of phosphorous in the BS and
DWW plants was observed. The BS plants had 30% more phosphorous and DWW plants had
78% more P than the control. The TS plants had just below the amount of P compared to the
control. At the 100% nutrient loading, the TS, and BS plants both had a significant drop in
phosphorus uptake compared to the control. The TS plants had a P concentration that was 76%
of the control, while the P concentration in the BS plants was 79% of the control. The DWW
plants had 13.68% more P than the control.
Sulfur helps in chlorophyll formation that induced photosynthesis. If a plant is suffering
from sulfur deficiency, the leaves will become pale-yellow or light green. Young leaves will be
the first to experience the deficiency (Oldham, 2019). In the 0% nutrient loading, both the DWW
and SWW plants had high sulfur content in their plant tissue. The SWW plants had 72% more
sulfur in them than the control. The DWW plants had 48% more sulfur compared to the control.
The high sulfur content could be from the BES as the wastewater broke down. The TS and BS
plants had less sulfur than the control. The S concentration in the TS plants and BS plants was
only 79% of the control and 97% of the control. The 50% nutrient loading had a higher sulfur
content in all four groups compared to the control. The DWW and SWW plants had extremely
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high sulfur content compared to the control. The TS and BS plants had a significant increase in
sulfur content compared to the 0% nutrient loading. Just like in the other 2 nutrient loadings,
DWW and SWW plants had significantly higher sulfur content than the control at the 100%
nutrient loading. The BS plants had a large drop in sulfur content compared to the control from
the 50% to 100% nutrient loading. The BS plants went to 78% of the sulfur content when
compared to the control. The TS plants had a slightly high sulfur content when compared to the
control at 100% nutrient loading.
Copper is an essential micronutrient that activates enzymatic in plants and for chlorophyll
and seed production (Kaiser, 2018). If a plant has a copper deficiency, it can be susceptible to
diseases like ergot. In the 0% nutrient loading, all four soil groups had less copper in their plant
tissue than the control. The SWW plants had the most copper in their plant tissue of the five soil
groups. The TS and DWW plants had the 2 lowest copper content in their plant tissue. At the
50% nutrient loading, the TS, BS, and DWW plant groups had similar copper concentrations as
the control. All four plant groups had lower copper concentrations than the control at 100%
nutrient loading. The BS and DWW plants had the 2 lowest copper content. The DWW plants
had the highest copper content at 77.67% of the control.
Zinc helps promote metabolic reactions in all crops. Carbohydrate, protein, and
chlorophyll formation will reduce in plants with inadequate zinc levels. To continue to promote
growth, Zinc needs to be constantly supplied to plants. Research in Minnesota has shown that
excess phosphate application to crops can lead to a decrease in zinc in corn (Apurba K.
Sutradhar, 2016). When compared to the control at a 0% nutrient loading, all the plants had
lower zinc levels than the control. The DWW and SWW plants had the lowest amount of zinc
present in their plant tissue at this nutrient loading. The DWW plants had only 49% of the zinc
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that the control had, and the SWW plants had 60% of the zinc levels of the control. The TS and
BS plants had the same amount of zinc in their plant tissue at 82.4% of the control. The decrease
in zinc in the SWW plant group could be from the high phosphorous levels present in the group.
At the 50% nutrient loading, all the plant groups but the SWW plants had higher zinc levels than
the control. The zinc levels in the SWW plants were only 85% of the control’s zinc levels. The
TS, BS, and DWW plants had the same zinc levels. Unlike the 50% nutrient loading, all the plant
groups, except BS plants, had lower zinc levels at the 100% nutrient loading. The SWW plants
had the lowest zinc levels at only 58% of the control zinc levels. The TS and DWW plants had
similar zinc levels at 73-74% of the zinc levels of the control. The BS plants had 1.4 times the
amount of zinc in their plant tissue compared to the control.
Manganese (Mn) is a micronutrient that aids in plant growth and development. Mn can
help maintain constant metabolic roles in plant cell compartments (Santiago Alejandro, 2020).
The TS, BS, and SWW plants had higher levels of Mn in their plant tissue than the control at the
0% nutrient loading. While the DWW plants had a lower amount of Mn in their plant tissue than
the control. The BS and SWW plants had Mn levels that were 1.51x and 1.78x higher than the
control, and the DWW plants were only 0.80x the control Mn levels. The TS plants had
marginally higher Mn levels than the control at 1.04x. At the 50% nutrient loading, all four
groups had higher Mn levels than the control. The TS plants were 1.22x the control, the BS
plants were 1.66x the control, the DWW plants were 2.21x the control, and the SWW plants
were 2.22x the control. At the 100% nutrient loading, Mn levels compared to the control were
sporadic. The TS plants had similar Mn levels, while BS plants had Mn levels below the control.
The DWW and SWW plants had Mn levels higher than the control. The DWW plants had 1.31x
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more Mn in its plant tissue than the control, and the SWW plants only had 0.06x more Mn than
the control.
Iron is beneficial to plants because it helps in the synthesis of chlorophyll. Iron is one of
the main nutrients that are responsible for the maintenance of the structure and function in
chlorophyll (Sahoo, 2015). In the 0% nutrient loading, all plant groups, but DWW plants, had
significant iron levels. The TS, BS, and SWW plants were 1.99x, 1.67x, and 1.49x greater in
their iron content than the control. The DWW plants were only 0.76x the control group. The 0%
nutrient loading saw the highest iron concentration in all 5 plant groups for all 3 nutrient
loadings. At the 50% nutrient loading, all four groups had less iron in their plant tissue than the
control. The BS plants had the lowest iron level 0.65x the control, while the SWW plants had the
highest iron levels at 0.77x of the control. The 100% nutrient loading saw a similar trend where
all 4 plant groups had less iron in their plant tissue than the control. The BS plants saw the
highest amount of iron concentration at 0.89x the control, while the TS plants had the least
amount of iron concentration at 0.62x the control.
Boron is an essential micronutrient because it helps plants complete their life cycle.
Boron can influence root elongation, tissue differentiation, pollen germination, pollen tube
growth, and cell membrane functions (Apurba K Sutradhar, 2016). At the 0% nutrient loading,
the boron levels varied per soil group. The BS and SWW plants had a high boron concentration,
while the TS plants had a similar boron level to the control. The DWW plants had a boron
concentration less than the control. The BS plants had the highest concentration of B at 0.16x the
control sample, and the DWW plants’ boron concentration was 0.89x the control sample. At the
50% nutrient loading, all four groups had a higher boron concentration than the control. The
SWW plants had the lowest amount of boron at 0.05x the control. The BS plants had the highest
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amount of boron at 1.29x the control and the DWW plants were slightly lower than the BS soil
group at 1.28x the control. A similar effect happened at the 100% nutrient loading as all four soil
groups had a higher boron concentration than the control. The TS plants had the lowest amount
of boron at 0.03x the control, while the SWW plants had the highest amount of boron at 1.25x
the control’s boron levels.
3.3.5

Principal Component Analysis and Correlation Analysis
The results from the agro-physical characteristics and plant tissue analysis data were

analyzed in the Microsoft Excel add-in XLSTAT and the data had PCA, and a correlation
analysis was performed on them. Figure 3.14 shows how well each variable correlate to one
another. The table was calculated using the Pearson Correlation coefficient. Cells that have a
lighter green show a positive correlation between the variables, while cells that have a lighter
shade of red show a negative correlation to one another. The lighter the cells are, the higher
correlation there is. The table shows that leaf number, leaf area, shoot weight, total weight, root
surface area, chlorophyll, and NBI are all highly connected to plant height. Meaning that a taller
plant will have better results in the listed variables than a shorter plant. Some other noteworthy
correlations are root volume/shoot weight, root volume/total weight, chlorophyll/leaf area,
transpiration/stomal conductance, and NBI/leaf area. A reason there is a high correlation between
the root volume and shoot weight is that the more volume taken up by the roots, the more
nutrients the plant can uptake to make a larger and stronger shoot. Chlorophyll and leaf area are
highly correlated because if a plant has a larger leaf surface area, more chlorophyll pigments are
needed for photosynthesis. Agri-physical characteristics that do not correlate to one another are
flavonoids/plant height, flavonoids/leaf area, transpiration/root dry weight, and stomatal
conductance/ root length. Flavonoids did not have a high correlation with most of the variables
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except the root/shoot ratio. A reason why flavonoids and the root/shoot ratio have a high
correlation to one another is because flavonoids are synthesized in both the root and shoot
tissues. Flavonoids aid in reducing plant tissue damage from UV-B by absorbing it. During
colder weather, flavonoids can impact the plant’s growth and cellular metabolism by scavenging
reactive oxygen species and act as potent antioxidants (Amalesh Samanta, 2011).

Figure 3.14

The Pearson Correlation for the different Agro-physical Characteristics.

The Pearson Correlation was analyzed using the Microsoft Excel add in software XLSTAT.
The cumulative percent variability accounted for by the first two components was 80%,
thus describing most of the variation among the agro-physical characteristics. F1 accounted for
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70.56% and F2 accounted for 10.17% of the total variance in the data. All the characteristics
except the root/shoot ratio and flavonoids had a positive correlation to F1. These certain agrophysical characteristics contributed to F1, Plant height, leaf number, leaf area, shoot weight, total
weight, root surface area, chlorophyll, flavonoids, and NBI. The main contributors to F2 were
root dry weight, root length, root volume, stomal conductance, and transpiration. Looking at
figure 16, there are five main groups that were identified. Figure 3.15 shows the 5 main groups
related to plant growth. The first group describes the plants’ ability to transfer water through the
leaves, group 2 shows more leaf characteristics, group 3 is the plant’s shoots characteristics,
group 4 is the plant’s root characteristics, and group 5 is the variables that have a negative
correlation to the other variables.
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Figure 3.15

The Graphical Correlation for the Argo-physical Characteristics.

The PCA was analyzed using the Microsoft Excel add in software XLSTAT.
Figure 3.16 shows how well each plant from every soil group and nutrient treatment
performed on one another. Plants that are closer to the bottom corners of the graph show the
smallest and largest plants out of the soil groups and nutrient treatments. Smaller plants are on
the left side of the graph and larger plants are on the right. The origin point represents the
average. The plants from the SS soil group that were treated in the 0% nutrient loading yielded
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the smallest overall plants, while plants from the TS soil group at the 100% nutrient treatment
produced the tallest and heaviest plants. From the graph, the plants grown in the DWW soil at
0% nutrient treatment had 50% of their plants close to the origin with one plant close to the
average of the TS and BS plants. The plants from the SWW soil group at the 0% nutrients
loading overall performed better than the TS and BS plants but did not do as well as the DWW
plants. The SWW plants did have tighter grouping than the DWW plants which indicates the
plants were subjected to less variability than the DWW plants. Most of the plants grown in all
five soil groups at the 50% nutrient treatment were performed close to one another. 9/12 plants
were on the right side of the origins. The plants from the TS soil group did the worst; ¾ of the
plants fell left of their origins. The plants from the DWW and SWW soil groups did the best.
Those plants performed as well as some of the plants from the 100% nutrient treatment (SS and
BS plants). As mentioned earlier, the plants in the TS soil group at the 100% nutrient treatment
performed the best out of all 60 plants. The plants from the DWW and SWW soil groups still
performed well as they are on the far-right side of the graph. The DWW plants have a better
grouping than the SWW plants which shows less variation between the 4 DWW plants.
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Figure 3.16

Display of Individual Corn Plant Performance

The PCA was analyzed using the Microsoft Excel add in software XLSTAT.
Figure 3.17 shows how well each nutrient found in the plant tissue correlates to one
another. Cells that are green indicate a positive correlation, while the red cell has a negative
correlation. Cells that are dark red have no correlation to one another. From table 8, most
nutrients either have little positive or negative correlation to each other or exceedingly high
positive or negative correlation. A reason for the variability in the correlation between the
nutrients is that the nutrients affect the plant in separate ways. Some nutrient help in chlorophyll
production, while some help with water movement. Please see the previous section for the plant
tissue analysis.
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Figure 3.17

Correlation between the Nutrients in the Plant Tissue.

The Pearson Correlation was analyzed using the Microsoft Excel add in software XLSTAT.
Figure 3.18 shows the principal component analysis of 15 plant tissue samples which
showed that the first and second components combined for 65.27% of the total variance. F1
contributed 39.91% and F2 contributed 25.36%. N, K, Cu, Mn, and Fe had significant
contributions to F1, and Ca, Mg, P, S, Zn, and B contributed to F2. P, S, Cu, Mn, Fe, and B had
positive correlations to F1, unlike N, Ca, K, Mg, and Zn which had negative correlations to F1.
Most of the SWW (SWW 50% and SWW 0%) along with DWW 0% had a positive score in both
the F1 and F2 by being in the top right sector. The SS, BS, and TS soil groups at 0% had a
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positive score for F1 and a negative score for F2. The remaining SWW soil group at the 100%
nutrient loading, the TS soil group at the 100% nutrient loading, the DWW soil group at the
100% nutrient loading, and the SS soil group at the 50% nutrient loading were in the top left
sector which indicated a negative score in F1 and a positive score in F2. The remaining samples
(SS 100%, BS100%, TS 50%, DWW 50%, and BS 50%) were in the bottom left sector showing
negative scores in both the F1 and F2.

Figure 3.18

Principal Component Analysis of the Plant Tissue Nutrients.

The PCA was analyzed using the Microsoft Excel add in software XLSTAT.
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3.3.6

Discussion
The plants that were grown in the DWW and SWW soil did see positive effects in most

of the agro-physical Characteristics. When the plants were treated at the 0% nutrient loading, the
plants from the DWW and SWW saw on average a 34.3% and 6.2% increase in plant height
(respectively), 150% and 50% increase in total plant weight (respectively), increase in average
leaf number per plant, 93.1% and 31% increase in leaf surface area (respectively), 342.9% and
171.4% in shoot dry weight (respectively), the best root/shoot ratios, 240.8% and 157.9%
(respectively) in root surface area, 2.7% and 8% (respectively) in NBI when compared to the
control. Seeing the increases in these agro-physical characteristics is a positive sign because
farmers could save money by amending their soil with either of these soil amendments instead of
using copious amounts of fertilizers to produce better-yielding plants. A further long-term
investigation needs to be performed to see if the corn plants will yield larger fruit and how long
the nutrients will last in the soil. During the experiment, many pots were able to retain a large
amount of water. Further drought experiments could be done to see if the soil amendments added
to drought resistance. Another reason for the small growth of the corn plants in all soil mediums
and nutrient treatments could be a result of the lack of daylight during the growing season.
According to Weatherspark.com, Starkville, MS received approximately 11.5 hours of daylight
in the second half of October of 2021. The daylight dropped to approximately 10 hours of
daylight during November and the early portion of December in 2021. All the information from
Weatherspark.com was taken from data collected at the Golden Triangle Regional Airport
weather station in 2021 (Weather Spark, 2021). Daylight is an important factor in plant growth
because plants need the sunlight for photosynthesis. If a plant receives less sunlight during the
day, the less energy a plant can produce for plant growth (Univerisity of Minnesota Extension,
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2020). Due to the lower amount of daylight the plants received when compared with optimal
corn growing season, it can reasonably be inferred that the corn plants underwent less
photosynthesis during the growing season and resulted in less energy production and smaller
plants.
3.4

Conclusion
This experiment looked at the effects of corn growth by amending topsoil with four

different soil amendments, TS, BS, DWW, and SWW, and three different nutrient loadings. The
plants’ agro-physical characteristics were compared to the control group (unamended topsoil).
The experiment lasted 38 days at the Rodney Foil Plant Science Research facility of Mississippi
Agriculture and Forestry Experiment Station at Mississippi State University in the fall of 2021.
The experiment grew a total of 60 plants, four replications per soil group, and nutrient loading.
The plants were grown under a prefabricated mini-hoop module with two heaters at each end to
minimize the weather conditions. After harvesting, the plants and soil were analyzed by various
methods and the average was taken for each soil and nutrient treatment group. The results
showed that the plants grown in the DWW and SWW soil with the 0% and 50% nutrient
treatment had the best results in plant height, total plant dry weight, the average number of leaves
per plant, leaf surface area, shoot dry weight, root/shoot ratio, root surface area, and NBI when
they were compared to the control group. At the 100% nutrient treatment, the plants grown in the
TS soil had the best yielding plants. The results promise that farmers could potentially amend
their soil with the DWW and SWW and see larger plant yields. The soil amendment could save
farmers money by not having to spend and apply as much fertilizer to their fields. Further
investigation will need to be done at warmer temperatures to see if comparable results occur, and
more long-term studies will need to be performed to see if there is a larger crop yield. In addition
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to the long-term studies, soil analysis will need to be performed to see how long the extra
nutrients stay in the soil.
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CHAPTER IV
THE EFFECTS OF CORN GROWTH WITH BIOELECTROCHEMICAL SYSTEMS AS SOIL
AMENDMENTS AND A DROUGHT REDUCER
4.1

Introduction
The following study took place in the May and June of 2022 at the Environmental Plant

Physiology Laboratory at the Rodney Foil Plant Science Research facility of Mississippi
Agriculture and Forestry Experiment Station, Mississippi State University, MS, USA (33° 28’ N
88° 47 W). A total of 80 corn plants were grown using five different soil mediums and using four
different nutrient treatments. 20 of the plants were put through a simulated drought to see how
well the different soil mediums can resist the negative effects caused by droughts.
4.2
4.2.1

Materials and Methods
Germplasm, Experimental Setup and Growth Conditions
The experiment was conducted at the Environmental Plant Physiology Laboratory at the

Rodney Foil Plant Science Research facility of Mississippi Agriculture and Forestry Experiment
Station, Mississippi State University, MS, USA (33° 28’ N 88° 47 W) in the summer of 2022.
Agri gold A6659 Corn from St. Francisville, IL was used as the plant material during the
experiment. The experiment had four different nutrient treatments that treated five different soil
types. Each nutrient treatment and soil type combination had four replications. PVC pots with
dimensions of 10.16 cm diameter by 15.24 cm tall were used for each nutrient treatment and soil
type combination for a total of 80 pots. The pots were filled with 2.54 cm of pea gravel at the
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bottom with the soil mixture filling the remaining volume of the pots. The soil mixture was
mixed at a ratio of 9 parts topsoil and 1-part soil amendment by volume. Initially. Four seeds
were sown per pot for each soil mixture and nutrient treatment to maximize germination. The
plants were thinned from 4 corn plants per pot to 2 plants per pot 7 days after sowing. 8 days
after sowing, the plants were thinned to one plant per pot. 50% germination for each soil type
occurred 5 days after sowing.
A drip irrigation system was installed in all 80 pots and was imposed with 100%
Hoagland nutrient solution from day 0 to day 6 after being sown to maximize germination rates.
The pots were irrigated once a day for 60 seconds for the first two days after sowing. The
irrigation flow rate was 50 mL per minute. The nutrient treatment was changed two days after
sowing, to two times a day at for 30 seconds each irrigation cycle for a total of 60 seconds per
day. Four days after sowing, all 80 pots were moved under a pre-fabricated mini-hoop module
(Ajaz A. Lone, 2019). Seven days after sowing, different nutrient treatments were imposed on
the plants. The four nutrient treatments were simulated drought conditions (no additional
Hoagland solution was added to the pots), 100% Hoagland nutrition solution, 50% Hoagland
nutrition solution, and 0% Hoagland nutrition solution (Starkville City municipal tap water) for
30 seconds twice a day for a total of 1 minute per day. 14 days after sowing, the irrigation was
changed. The irrigation for the 20 pots in the simulated drought condition received 100%
Hoagland nutrient solution for 30 seconds per day. The 60 remaining pots had their irrigation
increased to 1 minute twice per day for the 100% Hoagland nutrition solution, 50% Hoagland
nutrition solution, and 0% Hoagland nutrition solution. Irrigation increased again at 16 days after
sowing, the simulated drought condition pots received 100% Hoagland nutrient solution for 45
seconds once per day, and the 100% Hoagland nutrition solution, 50% Hoagland nutrition
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solution, and 0% Hoagland nutrition solution pots received irrigation for 90 seconds twice per
day. 18 days after sowing, the irrigation in the simulated drought pots was reduced to 30 seconds
once per day. The pots being treated with 100% Hoagland nutrition solution, 50% Hoagland
nutrition solution, and 0% Hoagland nutrition solution irrigation remained the same.
Temperature data were recorded using the NOAA weather station in Starkville, MS
(33.44°N 88.83°W) for days 0 to 4 after sowing. After the pots were moved under the prefabricated mini-hoop module (2019 Lone, A.A et al.), the temperature data was recorded using
button loggers (Spectrum Technologies, Inc. Aurora, IL) of the planter’s box. Figure 4.1 shows
the combined temperature days from the NOAA weather station and button loggers. The
minimum and maximum air temperatures for the growing season were 14.4 °C and 47.0°C,
respectively. The average air temperature was 28.4°C. Two Em5b soil moisture data loggers
(Decagon Devices. Pullman, WA, USA) were installed in 10 pots (5 pots in the simulated
drought condition and 5 pots in the 100% Hoagland nutrient solution). One probe was placed in
each soil type for both nutrient treatments. A Dynamax TH300 Portable Soil Moisture Probe kit
(Dynamax Inc. Houston, Texas, USA) was used to record daily soil moisture data in pots under
drought conditions and 100% Hoagland nutrient solutions.
The four different soil amendments used in the experiment were biochar (Charged Bio
Char, Buildasoil.com, Montrose, CO, USA), unused terracotta pots (3140-408-2 Dover Planter
S-Terracotta Pots, Vancouver and Winnipeg, Canada), and two bioelectrochemical systems
(BES) constructed with terracotta pots, biochar, and stainless-steel mesh (Umesh Ghimire V. G.,
2021). One BES treated synthetic dairy wastewater (referred to as DWW in this paper) and the
other BES treated synthetic municipal wastewater (referred to as SWW in this paper). The
topsoil used in conjunction with the soil amendments was collected at the Rodney Foil Plant
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Science Research facility of Mississippi Agriculture and Forestry Experiment Station,
Mississippi State University, MS, USA (33° 28’ N 88° 47 W). A 2” Heavy Duty Milwaukee
SDS-Max Rotary Hammer with a Milwaukee 1-3/4” chisel bit (Milwaukee tool, Brookfield, WI)
was used to crush the unused Terracotta pot and the two BES. The crushed material was sieved
through a 19-gauge ½” galvanized steel mesh before being mixed with the topsoil. A concrete
mixer was used to thoroughly mix the topsoil and soil amendment together before being added to
the PVC pots. Soil samples were collected prior to any treatment and were sent to the soil testing
lab at Mississippi State University for a soil analysis.
4.2.2
4.2.2.1

Data Collection
Gas Exchange and Pigments
An LI-600 portable photosynthesis system (LiCor Inc., Lincoln, NE, USA) was used to

collect data, such as Net stomatal conductance (gsw, mol m-2 s-1), transpiration (E apparent,
mmol m-2 s-1), and difference in ambient air temperature and leaf reference temperature (°C),
using a freshly expanded leaf.
4.2.2.2

Pigment Estimation
A handheld Dulex® Scientific instrument (Force A DX16641, Paris, France) was used on

the uppermost part of the leaf with a developed collar to determine the leaf’s chlorophyll content,
flavonoids, and nitrogen balance index for each the soil mixtures and corresponding nutrient
treatment. One reading was taken per one plant leaf for a total of 80 readings.
4.2.2.3

Shoot Morphology
Using a standard metric ruler, the plant height (PH, cm plant-1) was measured by hand

from the soil surface to the highest leaf collar. Leaf number (LN, no plant-1) was recorded as the
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total number of fully developed leaves with a collar. An LI-3100 leaf area meter (LiCor Inc.,
Lincoln, NE, USA) was used to measure the leaf area after the plants were cut at the soil and all
materials were separated from the stem.
4.2.3

Statistical Analysis
The experiments were analyzed by taking the averages from numerous variables that

came from the individual plants that were grown in different soil groups and nutrient treatments.
The analysis was performed in computer software Microsoft Excel add-in with XLSTAT version
2022.1.2. The average results from each variable per soil group and nutrient treatment were
compared to one another. All plots and figures were created in Microsoft Excel. XLSTAT was
used to compute Principal Component Analysis and Correlation analysis.
4.3
4.3.1

Results
Temperature
Figure 4.1 shows the average daily temperature during the growing season. As previously

mentioned in the Materials and Method section, the temperature for the first three days of the
growing season and partially on the fourth day was collected using the NOAA weather station in
Starkville, MS (33.44°N 88.83°W). The NOAA weather station reported the maximum and
minimum temperatures for each day. On the fourth day of the growing season, the pots were
moved under a prefabricated mini-hoop module that aided in weather protection. The
temperature data was collected using two button loggers on each end of the pre-fabricated minihoop module. The maximum recorded temperature was 47.0 °C, while the minimum recorded
temperature was 14.4 °C. The average temperature was 28.4 °C. The growing degree days for
this experiment was 587.8 day. Please see appendix B for an example calculation of growing
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degree days. In addition to the warmer weather during the experiment, the plants were exposed
to approximately 13 to 14 hours of daylight during the growing season (Weatherspark.com,
2022).
4.3.2
4.3.2.1

Soil
Soil Analysis
Table 4.1 contains the soil analysis performed on the soil that was used in the experiment.

The soil samples were collected before the corn seeds were planted in the pots. Both the BES soil
amendments had noticeable increases in nutrients compared to the SS, TS, and BS soil. The
increased nutrients can be attributed to the nutrient recovery process which took place during the
wastewater treatment. The construction of the SWW BES leads the SWW soil to have a huge
increase in P, Zn, and Na. The SWW BES used a nutrient buffer solution. The pH was higher in
the SWW, DWW, and BS soil than in the control and TS soils. The higher pH can be related to
the biochar in the soil which is known to increase the soil pH (Jorge Poveda, 2021). The control
contained the lowest amount of K compared to the other four soils. Each soil amendment did
improve the nutrients in the soil when compared to the control, except for Ca in TS soil.
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Figure 4.1

Daily Air Temperature for the Corn Plants.

The recorded ambient air temperatures for the corn plants. May 16th through 18th, the plants were
exposed to the elements and not under the pre-fabricated mini hoop module. The data was
collected with a combination of the NOAA Weather Station and Button loggers.
Table 4.1

Soil Analysis before Corn Seeds were sown.
Extractable Nutrient Levels (Pounds Per Acre)

SOIL
P
K
Ca
Mg
Zn
Na
SS
28
76
846
26
0
49
TS
29
116
826
32
0
56
BS
32
168
901
40
0
71
DWW
157
219
1250
63
1
303
SWW
1566
247
1272
77
5
1668
Soil analysis was performed at the soil testing lab at Mississippi State University
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pH
5.6
5.7
6.2
6.9
7.5

4.3.2.2

Soil Moisture
Figures 4.2 through 4.6 shows the recorded soil moisture for each soil type during the

growing season. Decagon DC-5 soil moisture probes (ICT International, Armidale, NSW) were
placed in the simulated drought condition (SDC) soils and the 100% Hoagland Nutrient Solution
(the control nutrient treatment). The soil moisture was recorded every 15 minutes during the
growing season and the data was stored on a Decagon EM5B data logger (ICT International,
Armidale, NSW). During the growing season, the SWW soil had the greatest resistance to the
SDC compared to the other soils. The soil moisture did not drop below 0.070 m3/m3 VWC. The
BS soil was the second-best soil to resist the SDC, and the SDC-BS never dropped below 0.069
m3/m3 VWC. The worst-performing soil in the SDC was the control soil (SS). The soil moisture
dropped to 0.021 m3/m3 VWC. For both the SDC and control nutrient treatment conditions, the
first irrigation took place at 8:00 AM. Which resulted in the highest soil moisture conditions for
each day. When the SDC was imposed, irrigation was stopped from May 23rd to May 30th.
Starting on May 30th, the irrigation was changed to 30 seconds once a day. The increase in
irrigation directly correlates to the increase in soil moisture seen in the graphs. The SWW and
BS soils were the two soil groups that were the most resistant to drops in the soil moisture during
the growing season. The change in soil moisture in the control nutrient treatment towards the end
of the growing season can be attributed to the larger plants grown. The larger plants require a
larger water uptake than the smaller plants in the SDC. The larger water uptake would result in a
larger variability in soil moisture. The SWW plants performed the best out of all the different
plants. It was noticed that all five soil groups in the 0% HNS (Hoagland Nutrient Solution) had
standing water in the pots throughout the duration of the growing season. The standing water in
the pots could have put the soil into anoxic conditions which could have impacted plant growth.
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The SDC plants did have marginally better agro-physical conditions than the plants treated with
the 0% HNS. Future experiments should monitor all four nutrient treatments to see how the soil
moisture is impacted with the different nutrient treatments.

Figure 4.2

The Soil Moisture for the control soil in the Simulated Drought verses the control
Nutrient Treatment.

The soil moisture was recorded with Decagon Devices DC-5 (ICT International, Armidale,
NSW) soil moisture sensors and the data were logged on a Decagon Devices EM5B data logger
(ICT International, Armidale, NSW).
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Figure 4.3

The Soil Moisture for the TS soil in the Simulated Drought verses the Control
Nutrient Treatment.

The soil moisture was recorded with Decagon Devices DC-5 (ICT International, Armidale,
NSW) soil moisture sensors and the data were logged on a Decagon Devices EM5B data logger
(ICT International, Armidale, NSW).

Figure 4.4

The Soil Moisture for the BS soil in the Simulated Drought verses the Control
Nutrient Treatment

The soil moisture was recorded with Decagon Devices DC-5 (ICT International, Armidale,
NSW) soil moisture sensors and the data were logged on a Decagon Devices EM5B data logger
(ICT International, Armidale, NSW).
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Figure 4.5

The Soil Moisture for the DWW Soil in the Simulated Drought verses the Control
Nutrient Treatment.

The soil moisture was recorded with Decagon Devices DC-5 (ICT International, Armidale,
NSW) soil moisture sensors and the data were logged on a Decagon Devices EM5B data logger
(ICT International, Armidale, NSW).

Figure 4.6

The Soil Moisture for the SWW Soil in the Simulated Drought verses the Control
Nutrient Treatment.

The soil moisture was recorded with Decagon Devices DC-5 (ICT International, Armidale,
NSW) soil moisture sensors and the data were logged on a Decagon Devices EM5B data logger
(ICT International, Armidale, NSW).
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4.3.3

Physical Differences

4.3.3.1

Table layout
Table 4.2 below illustrates the layout for the shoots and roots in sections 4.3.3.2 and

4.3.3.3. The plants selected in the following sections were chosen because those plants were
visibly the average size plant per category.
Table 4.2

The layout for the selected corn plants for physical comparison.

Soil Treatment

100%

50%

0%

Drought

SS
Plant 61
42
23
2
TS
66
47
28
7
BS
71
51
32
10
DWW
75
55
35
14
SWW
78
58
37
20
The plant numbers chosen were the visible average for each of the following soil medium and
nutrient treatment.
4.3.3.2

Shoots
Figure 4.7 displays the physical difference between the different soil amendments and

nutrient treatments. The shoots represented in the image show the physical average for each
combination of soil amendment and nutrient treatment. For all the nutrient treatments, the plants
that were treated with 100% HNS produced the largest shoots compared to the plants in the
remaining nutrient treatments. The 0% HNS plants and the SDC plants had similar-sized plants
to one another. A major physical difference between these two nutrient treatments is that 0% of
HNS plants had yellow present in their shoots compared to the SDC plants. An explanation for
the yellowing of the shoots could be that the soil entered anoxic conditions from the excess soil
moisture in the pots. The 0% HNS pots did not appear to drain water properly. Another major
difference between the 0% HNS and the SDC plants was the 0% HNS plants had a more filled75

out and thicker leaf compared to the SDC plants. The plants treated with 50% HNS produced
plants somewhere between 100% HNS and 0% HNS. In all four nutrient treatments, the physical
plant size varied depending on the soil medium.
For each nutrient treatment, the plants grown in the DWW and SWW soil appeared to
grow the largest plants. The SWW plants appeared to be the largest plants for each nutrient
treatment, while the control soil plants were the smallest plants. The added nutrients from the
DWW and SWW soil mediums did appear to improve the plant sizes in the SDC plants. Those
two plants were slightly bigger than the other three plants. The added nutrients from the DWW
and SWW soils do appear to be aiding in plant growth in each of the four nutrient treatments.
When drought conditions due occur, the additional nutrients can be beneficial to mitigate the
impact of droughts. Further long-term studies should be performed to see if the additional
nutrients can mitigate the damages caused by droughts.
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Figure 4.7

The selected shoots for physical comparison.

The selected shoots were the visible average of the four plants per soil medium and nutrient
treatment. The shoots were cut as close to the soil line as possible to provide accurate
measurements.
4.3.3.3

Roots
Figure 4.8 displays the corresponding roots that went to the shoots in figure 4.7. Like

section 4.3.2, the roots that were treated with the 100% HNS appeared to have larger and more
77

dense roots compared to the other nutrient solutions. The roots in the remaining nutrient
treatments appeared to be like one another. The 50% HNS roots were slightly larger than the 0%
HNS and SDC roots. The SDC roots had the visibly smallest roots. The SDC roots are not as
dense as the other nutrient treatments. An explanation could be the lack of nutrients in plants that
were supplied during the growing season. The DWW and SWW plants in the SDC did have
denser roots than the other soil amendments. A difference between the roots and shoots in the
0% HNS and SDC are the roots in the 0% HNS were larger than the SDC. The 0% HNS plants
were able to develop better root systems than the SDC plants. Despite the 0% HNS plants being
in a possible anoxic condition due to excess water in the soil.
Like the shoots, the DWW and SWW plants appeared to have the best-looking roots in
each nutrient treatment. A reason could be the additional nutrients in the soil prior to the corn
being sown. The roots in the TS soil had the visibly smallest roots per nutrient treatments, which
is evident in the SDC roots. The TS roots are long but do not cover much surface area. The SDC
control had a better root surface area than the TS roots. A similar trend is noticed throughout the
rest of the nutrient treatments. The SWW and DWW roots appeared to benefit from the
additional nutrients that were present in the soil when the seeds were sown.
4.3.4

Agro-physical Characteristics
The following section contains the analysis for various different agro-physical

characteristics that were collected during the harvest. The graphs shown are the averaged results
of the four plants per soil medium and nutrient group combination. The agro-physical characters
that are being discussed were chosen because they represented the best overall picture to show
how the different soil mediums and nutrient treatments affected each group. Other agro-physical
characteristics that were not discussed can be found in Appendix A.
78

Figure 4.9 shows the average plant height for each soil medium and nutrient treatment.
The plants in the DWW and SWW soil did not produce the tallest plants when treated with 100%
HNS. The plants in the TS and BS soil medium produced taller plants on average. When the
nutrient treatment was reduced to 50% HNS, the DWW and SWW plants were taller than the
remaining plants for that nutrient treatment. The tallest plants in the 50% HNS were the SWW
plants at an average height of 23.5 cm (60.6% taller than the control). At the 0% HNS, the SWW
plants were the shortest plants on average at 10.25 cm (10.9% shorter than the control). The
reduction in height can be attributed to the excess water retained by the pots. The DWW plants
were 14.5 cm (26.8% taller than the control) when at 0% HNS. The TS plants were shorter than
the control too with an average height of 11.38 cm (1.04% shorter than the control). In the SDC,
both the DWW and SWW plants were significantly taller than the control at 11.0 cm and 11.13
cm, respectively. The control average was a height of 8.5 cm in the SDC. The extra nutrients in
the DWW and SWW soils appeared to aid in plant height when a drought occurs.
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Figure 4.8

The Roots from the selected corn plants for physical comparison.

The roots shown are the corresponding roots to the shoots in figure 4.7. The image was taken
after the roots were dried in an 80°C oven for a minimum of 72 hours.
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Figure 4.9

The average plant height for the different plant groups.

The plant heights were hand recorded with a ruler, to the closet cm, from the soil surface to the
highest leaf collar.
The average leaf surface area for each of the different soil mediums/HNS is displayed in
Figure 4.10. Across the board, the 100% HNS plants produced significantly larger leaf surface
areas than the remaining nutrient treatments. Unlike the leaf number (located in appendix A), the
100% HNS control had the largest leaf surface area at 1355.18 cm2. The 100% HNS- ININSWW
and DWW plants were 1.83% and 3.11% smaller than the control. The BS plants had the
smallest leaf surface area (10.15% smaller than the control) at the 100% HNS. At the reduced
nutrient treatment of 50% HNS, the SWW and DWW plants had larger average leaf surface areas
than the control’s average leaf surface area at 432.40 cm2. The SWW and DWW plants were
151.22% and 83.18% larger than the control leaves. Like the 100% HNS, the BS plants produced
a slightly smaller average leaf surface area than the control. The 50% HNs BS average leaf
surface area was 428.53 cm2. The SWW plants had the smallest difference in leaf surface area
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from 100% HNS to 50% HNS at a difference of 244.09 cm2. The control soil had the largest leaf
surface area different from the 100% HNS to 50% at 922.78 cm2. The remaining soils had a leaf
surface area difference between 520.97 to 802.43 cm2. The 0% HNS showed that the SWW
plants were on average slightly larger in leaf surface area than the control (253.62 cm2) at 258.13
cm2. The DWW plants were on average 46.74% larger in their leaf surface area than the control
at the 0% HNS. The BS plants had a larger leaf surface area than the control, which was unlike
the BS plants at the 50% and 100% HNS. The average leaf surface area for the BS plants was
33.42% larger than the control plants. Under the SDC, all four soil amendments had larger leaf
surface areas than the control plants (104.22 cm2). The SWW and DWW plants had an average
leaf surface area of 45.13% and 43.81%, respectively, larger than the control.

Figure 4.10

The average leaf area for the different plant groups.

The leaf area was recorded with a Li-3100 leaf area meter. The leaf material was separated from
the stem.
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Figure 4.11 shows the average leaf weights for the different soil/ nutrient treatment
groups. The plants treated with the 100% HNS treatment produced the heaviest leaves out of the
four nutrient treatments. The control soil had an average leaf dry weight of 6.53 grams. The
leaves for the SWW and DWW plants were 39.20% and 9.49%, respectively, heavier than the
control at the 100% HNS treatment. Both the average dry leaf weights for the TS and BS plants
were 2.76% and 13.17%, respectively, lighter than the control. When the nutrient treatment was
reduced to 50% HNS, the average dry leaf weights for the SWW and DWW were significantly
heavier than the control. The leaves weighed 6.27 g and 3.38 g, respectively, on average when
compared to the control leaves at 1.70 g. The leaves for the TS and BS plants were lighter than
the control again at 1.68 g and 1.53 g. At the 0% HNS treatment, the only plant group to have an
average leaf dry weight less than the control was the TS leaves. The TS leaves had an average
dry weight of 0.80 g, while the control leaves had an average dry weight of 1.43 g. The BS,
SWW, and DWW average leaf dry weights ranged from 6.29% to 10.49% heavier than the
control. The SDC plants showed that the SWW and DWW were able to produce heavier leaves
than the remaining plants in the different soils. The SWW and DWW plants were 116.67% and
74.24% heavier than the control leaves (0.66 g). The BS leaves were 18.18% heavier than the
control. The TS leaves had a remarkably similar average dry weight to the control.
Figure 4.12 below, shows the average stem dry weights for the different plants. At the
100% HNS treatment, all four soil amendments weighed more than the control stem dry weight
(3.72 g). The SWW and DWW stem on average weighed 51.61% and 29.30%, respectively,
more than the control. The TS stems were 15.52% heavier than the control. The TS stems were
10.34% lighter than the control (0.87 g) when the nutrient treatment was reduced to 50% HNS
treatment. The remaining three soil amendments produced on average heavier or roughly the
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same weight as the control stems. The BS stems were only 0.01 g heavier than the control, while
the SWW and DWW stems were 342.53% and 110.03% heavier than the control. When the
plants were treated with the 0% HNS treatment, on average the only plant stems lighter than the
control stems were the SWW stems at 0.62 g. The reason for this could be from the anoxic
conditions previously discussed. The TS, BS, and DWW plants had heavier stems that weighed
0.86 g or 1.63 g, respectively. The SDC plants showed comparable results to the SDC leaf dry
weights. The SWW and DWW stems (1.01 g and 0.54 g, respectively) were significantly heavier
than the control (0.27 g). The TS stems were the same dry weight as the control and the BS
stems were double the weight of the control.

Figure 4.11

The Average Leaf Dry Weight for the different groups.

The leaf dry weights were recorded with a scale after being placed in a paper bag and being dried
in an 80°C oven for a minimum of 72 hours.
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Figure 4.13 shows the average root dry weight for the different plants. The roots from the
100% HNS treatment weighed the most out of the four nutrient treatments. The control roots
were 7.65 g at the 100% HNS treatment. The SWW and DWW roots were 39.48% and 17.06%,
respectively, heavier than the control. Both the roots from the TS and BS plants were lighter than
the control roots. The BS roots were 25.23% lighter than the control. A similar trend is seen in
the roots treated with the 50% HNS treatment. The SWW and DWW roots were significantly
heavier than the control, while the TS and BS roots weighed less than the control. At the 0%
HNS treatment, the TS roots were the only roots to have an average dry weight less than the
control roots. The BS was marginally heavier than the control roots, and the SWW and DWW
roots were 6.8% and 8.84% heavier than the control. The weight trend is the same in the SDC
treatment as in the 0% HNS treatment. The SWW and DWW roots have an average dry weight
of 1.64 g and 1.38 g in the SDC treatment, while the control weighed 0.97 g.
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Figure 4.12

The Average Stem Dry Weight for the different groups.

The stems were separated from the leaf material. The stems were placed in a paper bag and
placed in an oven at 80°C for a minimum of 72 hours.
Figure 4.14 displays the average shoot dry weight for the plants. The shoot is the part of
the plant that is above the ground, i.e., stems and leaves. Like in the previous sections, the 100%
HNS treatment produced the heaviest shoots out of the four nutrient treatments. The SWW
shoots were the heaviest shoots except for the 0% HNS SWW shoots. Those shoots were
impacted by the possible anoxic soil conditions, but still weighed more than the TS shoots in that
treatment. In the SDC treatment, the SWW and DWW shoots were the heaviest plants which
meant those shoots were able to produce the most plant matter with a limited water supply. The
extra nutrients supplied to the plants from the SWW and DWW soil amendments did help
improve plant growth. The 100% SWW shoots had an average dry weight of 14.52 g. The 50%
HNS SWW shoots weighed an average of 10.13 g. Depending on the nutrient treatment, there
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was significant variability of weight in the TS and BS shoots. In the SDC treatment, the TS and
BS shoots weighed more than the control. In the 50% HNS treatment, both TS and BS shoots
had an average dry weight less than the control. At the 0% HNS treatment, TS shoots had an
average dry weight less than the control, while the BS shoots weighed less than the control in the
100% HNS Treatment. The TS and BS soil amendments do not have consistent soil properties
that can improve growing conditions when different nutrient treatments are applied.

Figure 4.13

The Average Root Dry Weight for the different groups.

The roots were taken out of a paper bag and weighed on a scale after being dried for 72 hours in
an 80°C oven.
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Figure 4.14

The Average shoot dry weight for the different groups.

The shoot dry weight is the combined weight of the stem dry weight and leaf dry weights.
Figure 4.15 below shows the average total dry weights for the different soil mediums and
nutrient treatment combinations. The total dry weight is the combined weight of the shoot and
roots. The total dry weight has a remarkably similar weight trend as the shoot’s weights. The
100% HNS treatment produced the average heaviest plants. The SWW plants were the heaviest,
except when treated with the 0% HNS treatment. The heaviest plant was the SWW plant treated
with the 100% HNS treatment at 25.19 g. The lightest plant was the TS plant in the SDC
treatment at 1.86 g. In all four nutrient treatments, the control plants weighed more than TS
plants. The TS soil amendment is decreasing the plants' growing capacity. In both the 50% and
100% HNS treatments, the BS plants weighed less than the control.
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Figure 4.15

The average total dry weight for the different corn plants.

The total dry weight is the combined dry weights from the roots and shoots. All dry weights were
recorded after the plant biomasses were dried in an 80°C oven for a minimum of 72 hours.
The roots and shoot ratio are the comparison of how much plant matter is made up of the
roots or the shoots. A healthy plant has a root and shoot ratio of less than 100%, which means the
shoot weighs the roots. The only plant that had an average root and shoot ratio greater than 100%
was the control plant from SDC treatment at a ratio of 104%. The best average root and shoot
ratio was seen in the TS plants in the 50% HNS treatment. Even though the TS plants had a great
root and shoot ratio, the average TS plant was the worst performing plant due to its size and
weight. The SWW and DWW plants across all four nutrient treatments had root and shoot ratios
in the range of 67.51% to 73.48% for the SWW plants and 49.92% to 82.03% for the DWW
plants. The SWW plants had the least fluctuations between the different nutrient treatments,
which was different from the remaining plant groups. In the four other soil mediums, a large
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fluctuation between the root and shoot ratio was observed. The ratio had a large drop-off
between the SDC treatment and the 0% HNS treatment in the Control, TS, BS, and DWW plants.
The root and shoot ratios are shown in figure 4.16.

Figure 4.16

The Average Root Verses Shoot Ratio for the different corn groups.

The root and shoot ratio are used to show how much of the plant dry mass is in either the roots or
shoots. Healthier plants want a root and shoot ratio less than 100%.
Figure 4.17 shows the average chlorophyll content for the different plant groups. A plant
that contains a high chlorophyll content is a healthier plant and goes under less stress during the
growing season. Chlorophyll is the pigment that is responsible for the plant’s green coloring and
aids in photosynthesis. Photosynthesis provides energy to the plant. From figure 4.17, the plants
that were treated with the 0% HNS underwent the most stress out of the four nutrient treatments.
The BS plants contained the lowest chlorophyll content at 3.91 μm cm-2, which was 61.89% less
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than the control. The second worst chlorophyll content was the SWW plant at a content of 4.82
μm cm-2. The reason for the low chlorophyll content could be due to the waterlogged soil. Which
is believed to cause the soil to enter anoxic conditions. The possible anoxic conditions made the
plants appear to be more yellow than green. For both the BS and SWW plants, the yellowing can
be seen in section 4.3.2. The control had the best average chlorophyll content for the 0% HNS
treatment. This is interesting because the control did not have any of the potential extra nutrients
that the other soil amendments had. When the plants were under the SDC treatment, the
chlorophyll content was different from the 0% HNS treatment. Both the SWW and DWW plants
had a better chlorophyll content at 55.70% and 14.91%, respectively, greater than the control
(15.96 μm cm-2). When irrigation did occur in the SDC treatment, the 100% HNS treatment was
used. The nutrients being supplied from the irrigation, along with the extra nutrients in the soil
do appear to aid in fighting drought symptoms in chlorophyll production and reducing the stress
load on the plant. A similar trend in chlorophyll content is described in the 50% HNS treatment
as in the SDC treatment. Both the SWW and DWW plants had a higher chlorophyll content than
the control. The TS and the BS plants were producing less chlorophyll than the control plants. At
the 100% HNS treatment, a new chlorophyll trend was noticed. The DWW plants were the only
plants that did not have a higher chlorophyll content (21.94 μm cm-2) than the control plants
(26.22 μm cm-2). A reason for the decrease in chlorophyll content could be the pots having more
standing water in them than the other pots in the different treatments. The standing water would
have limited oxygen in the soil. The SWW plants had the best chlorophyll content at 30.86 μm
cm-2 at the 100% HNS treatment.
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Figure 4.17

The average chlorophyll content for the different corn plants.

A handheld Dulex ® Scientific Instrument was used to record the chlorophyll content in each
plant. The Dulex ® was placed on the uppermost part of the leaf with a developed collar.
Figure 4.18 is the average flavonoids for each plant group. Flavonoids are another stress
indicator for plants. Plants under higher amounts of stress will express a higher flavonoid
number than a plant under less stress. The image shows that for each soil group, the plants
experienced less stress under the SDC treatment than the 0% HNS treatment. The stress levels
did decrease in the plants that were treated with 50% and 100% HNS. Again, a reason the SDC
plants underwent less stress than the 0% HNS plants could be from the 100% HNS treatment that
was used to irrigate the SDC plants. The 100% HNS treatment provided the plants with nutrients,
unlike the 0% HNS plants that were just receiving the local city water. The nutrients from the
HNS appeared to benefit plant growth in SDC. The SWW and DWW plants did have a lower
flavonoid count than the control at 0.88 and 1.31, respectively. The control’s flavonoid count
was 1.39. The only plants that experienced a higher stress load than the control plants were the
TS plants. The TS plants had a flavonoid count of 1.45. The plants treated with the 0% HNS
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treatment did not have much variation between the different soil groups. The DWW plants did
have the highest flavonoid count at 1.86 which was 2.20% higher than the control. Both TS and
BS plants experienced 5.49% and 2.75% reductions in stress when compared to the control. The
soil amendments did not appear to help or hinder the stress levels of the plant. At the 50% HNS
treatment, the SWW plants were under the least amount of stress with a flavonoid count of 1.23.
This was 15.75% less than the control. The DWW plants were under the most stress at this
nutrient treatment and had an average flavonoid count 10.27% higher than the control. The
reason for the high stress under the DWW plants is unknown. A possibility could be the soil
retains more water, which limits oxygen in the soil. The plants under the 50% HNS treatment did
not have soil moisture probes to confirm that. The TS plants did have a 4.79% decrease in stress
levels than the control. In the 100% HNS treatment, both the SWW and DWW pants experienced
higher flavonoid counts than the control (0.94) at 1.01 and 1.06, respectively. A reason for the
higher level of flavonoids could be the large root sizes of the SWW and DWW plants. When the
measurements were taken, the root systems for the SWW and DWW plants were large and took
up most of the pot’s volume. The limited growing space could have impacted the plants’ stress
levels. The TS and BS plants did have higher flavonoid counts too when compared to the control.
A plausible reason could be the root size. Depending on the nutrient treatment being used, the
soil medium can help improve plant growth.
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Figure 4.18

The average flavonoids for the different plant groups.

The flavonoids in each plant were recorded with a handheld Dulex ® scientific instrument. The
Dulex ® was placed on the uppermost part of the leaf with a developed collar.
The nitrogen balance index (NBI) is shown in figure 4.19. The NBI is another indicator
of plant health. A higher NBI indicates a healthier plant. NBI is less sensitive to environmental
conditions than chlorophyll. The SDC plants showed the SWW and DWW plants had the best
NBI. The SWW and DWW plants had an average NBI of 29.09 and 25.89, respectively, which
were 143.84% and 117.02% greater than the control. The extra nutrients from the soil and the
100% HNS irrigation helped improve the plants in the SDC. The BS plants had an average NBI
less than the control in all nutrient treatments, except in the 0% HNS treatment. The BS soil is
not the best soil medium for improving plant health. Like the other results in the 0% HNS
treatment, the SWW plants had an average NBI lower by 43.69% than the control (5.63). TS and
BS were the only soil mediums to have an average NBI higher than the control at 0% HNS
treatment. At the 50% HNS treatment, both the SWW and DWW plants had an average NBI
greater than the control (10.01) by 75.02% and 27.67%, respectively. While the SWW and
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DWW plants had a better average NBI than the control plants, the TS and BS plants did not. The
TS and BS plants’ average NBI was 23.58% and 11.99%, respectively, less than the control. The
SWW plants were the only plants to have an average NBI greater than the control (27.81) at
30.49. The DWW plants had the worst NBI which was 25.49% less than the control. The
experiment showed that the different soil mediums can impact the plant’s health by pairing them
with different nutrient treatments. The SWW soil medium is the most consistent in improving
plant health and reducing plant stress when the HNS treatment is present. The SWW plants
should have reduced irrigation at the 0% HNS to see if less water can improve plant health.

Figure 4.19

The average Nitrogen Balance Index for the different plant groups.

NBI was recorded with a handheld Dulex ® scientific instrument on each of the 80 plants. The
Dulex ® was placed on the uppermost part of the leaf with a developed collar.
Figure 4.20 shows the stomal conductance for the different plant groups. The Stomal
conductance is how much the leaf pores open. The larger pore opening is a good indication of
plant health and can reduce stress load. In the 0% and 50% HNS treatments, the SWW and
DWW plants had a stomal conductance greater than the control plants. While the SDC and 100%
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HNS plants had a stomal conductance less than the control plants. The 100% HNS SWW and
DWW plants saw a decrease in stomal conductance by 70.04% and 61.68%, respectively, when
they were compared to the 100% HNS control plants (0.1425 gsw mol m-2 s-1). The reduced
stomatal conductance could be attributed to the large root systems those plants had at the time of
data collection. The large root systems might have limited the amount of energy consumption to
conserve size.

Figure 4.20

The average Stomatal Conductance for the different plant groups.

The stomatal conductance was recorded in all 80 plants with an LI-600 portable photosynthesis
system. The LI-600 was placed on a freshly expanded leaf.
Figure 4.21 shows the transpiration rate for the different plant groups. Transpiration is
how much water vapor is exhaled through the stomata. A plant under less stress load will have a
large transpiration rate. The trend for transpiration rates was like the stomatal conductance in all
four nutrient groups. This is to be expected since both stomatal conductance and transpiration are
linked.
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Figure 4.21

The Average Transpiration for the different plant groups.

A LI-600 portable photosynthesis system was placed on a freshly expanded leaf to recorded the
transpiration rate in each of the 80 plants.
4.3.5

PCA and Pearson Correlation Analysis
Figure 4.22 and figure 4.24 shows the results from a PCA and Pearson Correlation

analysis tests in Microsoft Excel with the add-in software XLSTAT. The cumulative variability
for components one and two was 81.78% when describing the argo-physical characteristics. F1
accounted for 64.32%, and F2 accounted for 17.47% of the total variance in the data. The only
variable that did not have a positive correlation in F1 was flavonoids. The main variables to
contribute to F1 were plant height, leaf number, leaf area, root dry weight, shoot dry weight, total
weight, and chlorophyll. F2 was made up of flavonoids, NBI, stomal conductance, and
transpiration. From the image below, there are four groups identified. Group one is flavonoids,
group 2 is leaf characteristics, group 3 shoots characteristics, and group 4 is leaf color.
Flavonoids' negativity impact chlorophyll and stomal conductance because the two groups are
approximately 180 degrees from one another. The three remaining groups have varying degrees
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of positive impacts on one another since the groups are under a 90-degree difference from each
other.

Figure 4.22

The PCA for the different agro-physical characteristics.

The figure was created using the Microsoft Excel add in software XLSTAT.
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Figure 4.23 displays the observations for each of the plants per soil medium and nutrient
treatment. The plants in the bottom right of the graph indicate better/healthier plants, while the
plants on the left side of the graph show the worst-performing plants. The graph shows a mixture
between the SDC and 0% HNS treatment plants because they both produce similar quality plants
to one another. The lower the plant is on the graph, the better the plant is for that category. For
each nutrient treatment, the SWW plants were in the best positioning for their respective
category, except for the SWW plants in the 0% HNS treatment. It can be inferred that the SWW
soil medium does benefit and improve the growth conditions of the corn plants. The TS plants
for each soil group were the worst plants, and using terracotta alone does not improve plant
growth.
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Figure 4.23

The individual plant performance for the 80 different corn plants.

The figure was created using the Microsoft Excel add in software XLSTAT.
Figure 4.24 shows the Pearson correlation for the different variables. The lighter the
green shown indicates a more positive impact that two variables have on one another. Vice versa,
the lighter the red indicates a more negative correlation between the different variables. As
mentioned in the previous section, flavonoids do not have any positive correlation with any other
variable. Besides transpiration and NBI having no correlation with one another, the remaining
variables all have some varying degrees of positive correlation with each other. The massive
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positive correlation between most of the variables shows that each variable is important for the
plant’s overall well-being. If one variable is negatively impacted, there is a chance that other
variables could be negatively impacted too.

Figure 4.24

The Pearson Correlation for the different argo-physical characteristics.

The Pearson Correlation was analyzed using the Microsoft Excel add in software XLSTAT.
4.4

Discussion
The data shows that the SWW soil medium was able to produce the best quality plants in

three out of the four nutrient groups. The SWW soil did not do well in the 0% HNS nutrient
treatment. The SWW soil retained a lot of water in each of the four pots. The extra water in the
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pot could have potentially put the soil into an anoxic condition, the anoxic condition could have
killed or limited the microbial community in the soil, which in turn reduced the growing
efficiency of the plants. If in another study or real-world setting, the irrigation should be
monitored to keep the soil from being waterlogged if using the 0% HNS. The TS soil medium
did not do that well in producing and improving the corn plant’s growth. It is not recommended
to use terracotta alone as a soil amendment. The terracotta does not have properties to improve
plant growth. The DWW soil medium is a viable alternative to the SWW soil medium. The
DWW soil amendment did not produce results as well as the SWW soil amendment, but it did
improve plant growth. The DWW soil amendment did perform the best at the 0% HNS and did
not need adjustments in irrigation to keep the soil from becoming overly saturated. The BS soil
amendment did not provide the plant growth improvement as seen in the literature. In all the
nutrient treatments, it was one of the worst performing soil amendments. Just in front of the
terracotta, except when treated with the 0% HNS treatment. The extra nutrients supplied from the
HNS appear to hinder plant growth in biochar alone.
4.5

Conculsion
The different soil amendments showed various levels of water-holding capacities during

the SDC. The BS soil was the best soil at retaining water in the SDC during the experiment,
which is consistent with the literature. The soil moisture did not dip below 0.08 m3/m3 after June
1st, 2022. The soil moisture continued to have a moisture range of 0.205 to 0.083 m3/m3
throughout the remainder of the experiment. The SWW soil in the SDC showed a small
fluctuation in soil moisture that ranged from 0.083 to 0.205 m3/m3. The SWW soil had a
consistent soil moisture range of 0.107 to 0.151 m3/m3 from May 29th, 2022, to June 15th, 2022.
The SWW soil amendment may not have had large soil moisture holding as the BS soil
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amendment, but it did see a more consistent soil moisture range. The DWW soil amendment was
different from the SWW soil amendment in terms of soil moisture. The DWW soil amendment
had a large daily fluctuation in soil moisture. The TS soil amendment saw a similar trend in daily
soil moisture fluctuation. The control soil was the worst soil in retaining water. Starting on May
29th, 2022, the soil moisture did not go over 0.117 m3/m3 and saw moisture levels as low as 0.054
m3/m3. The consistent soil moisture in the SWW soil appeared to benefit the growth of the SWW
plants.
The experiment showed that the SWW soil amendment was the best performing soil
amendment in three out of the four nutrient treatments. The SWW soil amendments did not
produce quality plants in the 0% HNS treatment due to its larger water-holding capacity. The
plants grown in the SWW soil with the 0% HNS treatment saw an average height of 10.25 cm
and an average total dry weight of 3.71 g. The SWW plants in the 0% HNS treatment were not
the lightest overall plants in that nutrient treatment group though. The TS plants had the lightest
average total dry weight of 2.49 g. At the 100% HNS treatment, the SWW plants were by far the
heaviest plants out of the five different soil mediums. The SWW plants had an average total dry
weight of 25.19 g. The SWW plants were the third tallest plants in the 100% HNS treatment at
an average height of 25 cm. Both the BS and TS plants were taller at 28.13 cm and 26.5 cm,
respectively. The DWW soil produced the second-best plants in most of the argo-physical
characteristics. The DWW plants had some of the tallest plants, the largest number of leaves and
leaf surface areas, and in total weight just behind the SWW plants. The DWW plants were the
best performing plants in the 0% HNS treatment. The DWW plants had an average height of 14.5
cm and a total weight of 4.80 g which were on average 26.09% and 28.34% better than the
control for the 0% HNS treatment. The TS soil hurt the overall plant growth in most of the argo103

physical characteristics. The TS soil did have marginally better results in plant height, leaf
number, and leaf surface area than the control in most of the nutrient categories. While the TS
plants did not weigh more than the control. When it came to non-agro physical characteristics,
the TS plants had less chlorophyll content, worse or similar NBI values, and low transpiration
rates as the control plants per nutrient treatment. Terracotta as a soil amendment on its own is not
recommended to increase plant growth. The results show that spent BES does provide adequate
material to increase plant growth in short-term studies. To see how well the different soil
amendments will produce viable corn cobbs, longer-term studies will need to be performed.
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CHAPTER V
DISCUSSION
As previously discussed in the two following sections, the corn plants grown in the
DWW and SWW soils saw a better overall improvement in their plant growth compared to the
other plants grown in different soil combinations. There were two exceptions between both
studies that showed either a different soil medium produced a better overall plant or that the
SWW soil medium did negatively affect the average plant’s health. The first exception took
place during the first experiment in chapter 3. The corn plants in the 100% HNS- TS soil
medium did outperform both the corn plants that were grown in the 100% HNS- DWW and
SWW soil mediums. The corn plants that were grown in the 100% HNS- TS soil medium and in
the second experiment did not replicate the same results. A reason for the difference between the
two experiments could be the cold weather environment that the corn plants were in during the
first experiment. The colder weather could have caused the nutrients from the HNS to react
differently when mixed with the terracotta. It appears that for the corn plants to have a significant
improvement in their growth when grown in the TS soil medium, a large amount of extra
nutrients is needed. The figures shown in chapter 3 show the increased effect that the 100% HNS
had on the TS corn plants. The increased effect by the HNS was not replicated at the 50% and
0% nutrient treatments. In the second experiment discussed in chapter 4, the 100%- TS corn
plants did not perform as well as in the first experiment. The only category that the 100% HNSTS corn plants did perform better than both the 100% HNS- SWW and DWW corn plants was in
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plant height. In the first experiment, the 100% HNS-TS corn plants did vastly better in all the
agro-physical characteristics than the 100% HNS- SWW and DWW corn plants.
The other exception was that the 0% HNS- SWW corn plants in the second experiment
did not show a similar trend as in the first experiment. The 0% HNS- SWW corn plants were
arguably the second worst performing corn plants in the 0% HNS treatment. Which was just
behind the 0% HNS- TS corn plants. As previously discussed, a reason for this low level of
performance from the SWW soil could have been from the excess water that was retained in the
soil. The soil could have become anoxic and hindered the corn plant’s growth. In the first
experiment, the 0% HNS- SWW corn plants were the second-best performing plants for the 0%
HNS treatment, just behind the DWW corn plants.
Another difference in the two experiments was the sheer size and weight difference in the
corn plants. The 100% HNS corn plants from all five soil mediums in the first experiment were
smaller than the SDC corn plants in the second experiment. The average tallest plants from the
first experiment were from the 100% HNS- TS corn plants at 7.53 cm, while the average smallest
corn plant from the second experiment was 9.13 cm from the SDC- TS corn plants. The
difference in height from 100% HNS plants in the first and second experiments ranged anywhere
from 17.23 cm to 21.45 cm depending on the soil medium. The total weight difference between
the two experiments was vast too. The average heaviest corn plants in the first experiment were
from the 100% HNS- TS corn plants at 1.30 g, which was lighter than the average lightest corn
plant (SDC- TS corn plant weighed 1.86 g) in the second experiment. The average weight
difference between the two experiments from the 100% HNS plants ranged from 14.43 g to
24.28 g depending on the soil medium. The plant roots from the second experiment were not able
to be scanned due to their enormous size. However, the images provided in chapters three and
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four do show the difference between the assorted sizes for both experiments. A reason for the
vast difference between the corn plants' size and weight between the two experiments was the
weather. Experiment one was grown during the winter, while experiment two was grown during
the summer. Corn is a well-known summer crop. The average temperature for the first
experiment was 17.8 °C, while the average daily temperature for the second experiment was 28.4
°C. Another reason in the difference in the corn plant’s size and weight could be attributed to the
amount of daylight the plants were receiving during the growing experiment. The corn plants in
first experiment only were exposed to approximately 10 – 11.5 hours of daylight each day during
their growing season (Weather Spark, 2021), while the corn plants in second experiments were
exposed to approximately 13 – 14 hours of daylight each day (Weatherspark.com, 2022). As
previously mentioned in chapter 3, daylight is a large factor in a plant’s ability to produce
energy. The plants in the second experiment on the low end were exposed to approximately 1.5
hours more daylight than the plants in the first experiment. The Ohio State University says that
light can increase photosynthesis and can benefit the corn plants when water and temperatures
are not limiting factors (Ohio State University Extension, 2021). The corn plants in experiment
two were subjected to better temperatures and more daylight than the corn plants in the first
experiment. This combination was able to produced larger and heavier corn plants in the
experiment two than experiment one.
The soil in both experiments was prepared using the same materials and at the same
mixture ratio. The topsoil was supplied from the same section of field at the Rodney Foil Plant
Science Research facility of Mississippi Agriculture and Forestry Experiment Station. The four
soil amendments that were used in the second experiment were from the left-over material from
the first experiment. For both experiments, the soil was collected and tested before adding the
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corn seeds and Hoagland’s nutrient solution to the soil. There was a concern that the material
would have been degraded to provide adequate nutrients in the soil since the soil was stored at
room temperature between each experiment. The pH showed comparable results for each of the
five soil mediums for both experiments. The nutrient levels between the two experiments are
different though. Four out of the five soil mediums in the second experiment had higher nutrient
levels than the soil mediums in the first experiment for most of the nutrients. The larger nutrient
levels found in the second experiment could have benefited the larger plants in addition to the
warmer weather. The only soil medium that had similar nutrient concentrations in both
experiments was the BS soil. Depending on the nutrient and soil type, there was anywhere from a
3.23% to 171.40% difference in the nutrient levels between the two experiments. The main
nutrient that did not have an increase in concentration between experiment one and experiment
two was Zn. The SS, TS, and BS soil mediums had a reduction in Zn by 100%. The DWW soil
did not see a change in nutrient concentration, while the SWW soil medium had a 56.25%
increase in Zn. The N concentration was not able to be reported for any of the soils in the second
experiment due to the soil testing lab at Mississippi State not having the required material to test
for N. Due to a mistake while harvesting and data collection, the plant tissue analysis could not
be completed for the second experiment.
The information from the thesis could be used in developing countries or in the
agriculture industry. The BES could be used to treat the agriculture runoff to try and reduce
nutrients from entering waterbodies. Plus, the BESes could be used for electrical power
generation to power small pumps or other devices depending on how big the BES is. One the
BES is expended, the BES can be crushed down into small pieces and be mixed in with the soil.
The biochar for the BES can be produced from the harvest waste or from the crops left over in
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the field. Further research should be done to see how much electrical power can be produced
from agriculture runoff and to see how well biochar made from the agricultural waste from the
fields is when compared to industrial produced biochar. If the biochar produced from the waste
in agricultural fields is effective as industrial produced biochar, that can help with making a more
sustainable and cost-effective environment for developing countries or the agriculture industry.
Farmers would not need to purchase as much biochar to build the BES for water treatment.
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CHAPTER VI
CONCLUSION
This thesis has shown that using spend BES that treated either synthetic municipal
wastewater or synthetic dairy wastewater can be used as an effective soil amendment to improve
corn growth in the initial stages of the plant’s development in both warm and cold weather. In
most nutrient treatments, the corn plants grown in the SWW and DWW soil amendments
produced on average a larger plant in height, leaf area, and root area and were heavier than the
rest of the plants. The SWW soil amendment did have a drawback in the 0% HNS and warm
weather. The SWW soil medium had large retention in soil moisture which had a negative
growth effect on the corn plants grown in that soil. It is recommended that the irrigation be
monitored closely when applying the SWW soil amendment to make sure the plants are not
overwatered if treated with 0% HNS. In addition to improving the plant’s growth, the SWW and
DWW soil amendments are effective in reducing the negative effects caused by droughts. The
SWW and DWW corn plants in the SDC saw a larger plant size and weight than the control
plants in the SDC. In future testing, a longer-term study should be conducted to see if the SWW
and DWW soil amendments can continue to improve the corn plants’ growth and if the fruit
produced is larger than the control at harvest. The SDC test should be expanded in duration for
the same reasoning listed previously. Additionally, other crops should be grown in the SWW and
DWW soil amendments to see if equivalent results can be replicated as the corn. If the SWW and
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DWW soil amendments can be used for multiple crops, the reusability and resale value for the
used BES can be expanded.
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APPENDIX A
SUPLEMTENAL INFORMATION FOR THE AGRO-PHYSICAL CHARACTERISTICS
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The information shown in this section are the supporting agro-physical characteristics for
the results discussed in chapters three and four.
A.1

Chapter three supporting agro-physical characteristics
All figures shown are the average results for the four corn plants grown in each of the

different soil medium and nutrient treatment combinations.

Figure A.1

The average primary roots for the different plant combinations

The primary roots are the thick roots that are will have many tiny roots sprouting off of them.
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Figure A.2

The average plant crossing for the soil mediums and nutrient groups

Root crossing shows how often the roots in the root system will over lap and cross each other.
Larger root systems have larger more root crossings.

Figure A.3

The average number of forks in the root systems in the different plant
combinations.

Root forks are the how many splits of roots can be found in a root system. Many forks can be
found in large root systems.
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Figure A.4

The average number of root tips found in the root systems for the different corn
plants.

Root tips are the end of the root.

Figure A.5

Average anthocyanin levels for the different corn plants in chapter 3.

Anthocyanin is another stress indicator for plants. Plants with low anthocyanin levels have less
stress than plants with high anthocyanin levels.
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Figure A.6

The average difference in temperature from the ambient temperature and the leaf
temperature in chapter 3.

The difference in temperature can tell how much well a plant is downing. A negative difference
in air temperature indicates a better plant.
A.1.1

Supporting agro-physical characteristics for chapter four
The following figures show the supporting agro-physical characteristics for chapter 4.
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Figure A.7

The average leaf number for each corn plant in the different soil medium and
nutrient treatments.

The leaf number was counted by every fully developed leaf with a collar.

Figure A.8

The average anthocyanin levels for the corn plants in chapter 4.

Anthocyanin is another stress indicator for plants. Plants with low anthocyanin levels have less
stress than plants with high anthocyanin levels. Anthocyanin is a unitless measurement.
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Figure A.9

The average difference in leaf and the ambient air temperature for the different
corn plants in chapter four.

The difference in temperature can tell how well a plant is doing. A negative difference in air
temperature indicates a better plant.
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APPENDIX B
SAMPLE CALCULATIONS
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Sample calculations for Growing degree days
Corn base temperate is 50°C (Pennsylvania State University, 2020)
𝐷𝑎𝑖𝑙𝑦 𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 𝑑𝑎𝑦
= 𝐷𝑎𝑖𝑙𝑦 𝑚𝑒𝑎𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 𝑐𝑜𝑟𝑛 𝑏𝑎𝑠𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

(B.1)

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 𝑑𝑎𝑦𝑠
= 𝑆𝑢𝑚𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑑𝑎𝑖𝑙𝑦 𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 𝑑𝑎𝑦

(B.2)
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